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Abstract
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image sensor design and ground image processing system design. Study results
show that, with suitable efficiency for ground control point selection and match-
ing activities during data processing, extensive reliance should be placed on use
of ground control points for positioning the images obtained from EQS and similar
programs.
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PREFACE

OBJECTIVES

The primary objective was to evaluate potential EOS image-position-
ing methods using various combinations of satellite data and ground
control points. Secondary objectives were to assess the merits of the
RBV camera for the EOS mission; verify the assumed user requirements
for image resolution, coverage, registration, and positioning; model
the imaging geometry of a conical-scanning Thematic Mapper to assist in
the evaluation of image-positioning methods; and comment on sensor and
ground-processing features that, if developed, might enhance system
performance.

SCOPE

The study made use of information obtained from literature sur-
veys, discussions with NASA personnel monitoring the program, and dis-
cussions with potential users of EOS data. The analyses used to esti-~
mate potential accuracies of different image-positioning methods were
based on photogrammetric experience and state-of-the-art data. The
discussion covers image sensor design factors, position and attitude
considerations pertaining to external EOS geometry, and geometric error
analysis of positioning methods.

CONCLUSIONS AND RECOMMENDATIONS

E0S attitude control system design must be considered as a part
of the image positioning problem for EQS, along with image sensor de-
sign and ground image processing system design. With suitable effi-
ciency for ground control point selection and matching activities during
~data processing, extensive reliance should be placed on use of ground
control points for positioning the images obtained for EOS and similar
programs.

idi
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SECTION 1
INTRODUCTION AND SUMMARY

1.1  BACKGROUND AND GENERAL COMMENTS

This report describes the results of a study carried out by
Bendix Research Laboratories (BRL), Southfield, Michigan, from April
through August, 1972, under NASA/GSFC contract NAS5-21727. The work
was directed toward mapping accuracy considerations for the Earth
Observatory Satellite {EOS) program. Many conclusions are also be-
lieved applicable to earth-resource imaging satellite programs in
general; the primary goal assumed for such programs -is the generation
of geometrically corrected and registered images, positioned with
respect to the earth's surface. The three E0S sensor candidates of
interest were the high-resoclution imagers: the Thematic Mapper
{Seven-Channel Scanning Radiometer), the Return Beam Vidicon camera
(RBV), and the High-Resolution Pointable Imager (HRPI).

The primary study tasks were:

(1) Analyze the relative merits of image-positioning methods
using satellite~data only, ground control peints only,
and advantageous combinations of the two.

(2) Estimate the positional accuracy that can be obtained for
each of the methods.

Additional tasks included:
(3) Assess the merits of the RBV camera for the EO0S mission.

{4) Verify the assumed user requirements for image resolution,
coverage, registration, and positioning.

(5) Model the Imaging geometry of a conical-scanning Thematic
mapper to assist the analyses of the primary tasks.

(6) Comment on sensor and ground-processing features that,
if developed, would further improve system performance.

(7) Define attitude performance requirements in terms of
allowable contribution to positional error.

The need for EOS image-positioning on the earth arises from the
uses planned for the images. Details of interest on EQOS images will
be compared with other kinds of information: ERIS images, larger-
scale aerial images, maps, tabular, and textual information. The
established earth system of latitude and longitude forms a common
reference for all these comparisons. A uniform plane-coordinate re-
ference such as the Universal Transverse Mercator grid is useful for
gome comparisons, and for measuring distance, direction, and area.
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EOS image positions should be defined with respect to one or both of
these coordinate systems. In addition to this absolute position, the
17-day repeat cycle of the ECS images will be of considerable benefit
in making temporal comparisons of phenomena from succesgive EQOS images.
Some analyses require compariscn on a resolution-element basis. As

a result, very accurate relative positioning of one EOS image to an
earlier or later image of the same earth scene is sought. This form of
relative positioning is called temporal registration here. Finally a
single imaging observation of an earth scene is made by several sensors
in several spectral bands. Comparison between images from different
bands and sensors is very useful, once again on a resolution-element
basis. Hence, accurate relative positioning between the resolution
elements of different sensors and spectral bands is important. This
form of positioning is called event registration. Since the EOS
resolution elements will be as small as 20 meters, considerable care
must be taken if temporal and event registration are to be done with
the desired accuracies.

It is possible to produce the EQOS images with no effort toward
providing position and registration. This task then would simply be
passed to the user, who would have to make the necessary investment
in equipment and personnel for his purposes. If there were to be only
one user, this solution would be as effective as any other. Since,
however, there are many different disciplines engaged in the use of
earth-resource data, it is clearly desirable that the image data from
EOS be positioned and registered to the maximum extent consistent with
production requirements before it is released.

Given that EOS image positioning and registration are to be per-
formed, the next questions are, how and how well? This study is con-
cerned with the answer to these gquestions. The study is based upon a
meeting of two different areas of technology with a common goal:
positioning all points in an image with respect to the earth's surface.
Assuming the internal geometry of the imaging sensor is well known,
six external parameters, three translational and three rotational, are
needed to position the image with respect to the earth.

One way of determining these parameters is with the use of satel-
lite data, information derived completely independently of the image
content. Customarily, satellite data consists of (1) the satellite
ephemeris for the three translational parameters, (2) measured and
telemetered spacecraft attitude angles, and (3) calibration or auto-
collimation data to relate spacecraft attitude to image-sensor attitude.
The space images obtained from meteorological satellites have been
positioned exclusively from satellite data. A large body of knowledge
has been developed in the performance of this positioning method,
largely taken from missile and satellite guidance, control, and tracking
technology.



A second way of positioning an image is with the use of ground
control information derived using only image information content.
Ground~control data consist of (1) the known locations of a few earth-
surface features, and (2) the measured locations of these features
in an image. This method of positioning, with various permutations,
has been used for years in the precise mapping of the earth's surface
from aerial photographs. The body of knowledge developed here has
been taken largely from photogrammetry, surveying, and geodesy, dis-
ciplines considerably less familiar to NASA mission planners than
those associated with satellite-data positioning.

The two image-positioning methods have been successfully combined
recently in the Earth Resource Technology Satellite (ERTS) program.
Satellite data initially are used to position all images obtained from
the ERTS spacecraft. The attitude data are taken from horizon sen~
sors and limit the positional accuracies obtained. Ground-control
‘data are used to increase positioning accuracy for a selected number
of images, and also to callbrate and monitor the offsets between the
spacecraft attitude sensors and image sensors. (The ERTS combination
should not be construed to mean that satellite-data methods are in-
herently inaccurate; the Orbiting Astronomical Observatory (QAD)
Program incorporates a stellar tracker to achieve very high (inertial-
reference) attitude accuracies.)

From the ERTS experience, it is clear that both image-positioning
methods have advantages and disadvantages. It is also apparent that
a systems approach to the problem is preferable to one in which image
positioning methods are incorporated after the rest of the program
is complete. The question for EO0S planning, then, is not, "which
method is best for E0S?", but, '"how should the two positioning methods
be combined to give the best approach for E0S?' The combinations
selected for this study may not necessarily be the best, although some
effort was made here to select only the most promising. More extensive
interaction between the two technology areas is needed. In fact, the
major conclusion of the present study has been the recognition that
the photogrammetry/surveying/geodesy technology and the control/guidance/
tracking technology should work together to develop the best positioning
scheme for EOS. Both areas have a specialized technical vocabulary
and audience. It is not reasonable to expect a group well-versed in
one area to master the other and at the same time conduct an adequate
technical evaluation of a many-faceted problem. This conclusion is
borne out net only by this report, but alsc in some of the references
cited which were written from the opposite side of the technological
fence.

1.2 SUMMARY OF FOLLOWING SECTIONS

Section Z of the report presents a short description of the different
positicning schemes that were considered in the study. In Section 3 the
image sensors are discussed, in particular the internal geometry of the
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sensors. This i1s an important subject, since the accuracy with which this
geometry can be described is the limiting consideration in event registration
Offset pointing is also considered, since it represents a departure from

the ERTS geometry and carries with it certain geometric implicatioms. Align-
ment between attitude and image sensors is important for satellite-data
positioning, and is discussed in Section 3.4.1. The value of the RBV camera
as an EOQS sensor is discussed in detail in Section 3.4.2.

In Section 4, the central matters of satellite position determina-
tion, attitude control and measurement, and ground-control point princi-
ples and applications are discussed in some detail.

Section 5 is concerned with the accuracy attainable for the different
positioning methods. Error analyses are presented based on the best
values presently available for the different components. Finally, Sec-
tion 6 presents the significant conclusions of the study. 1In most cases
these conclusions also are stated in the relevant technical discussion.
Recommendations for additional work also are presented in this section,
following as logical extensions of one or more of the conclusions.

One problem in the discussion of internal sensor geometry was found
to be a lack of knowledge about the geometry of a conical-scan Thematic
Mapper such as that implemented in one design under consideratiomn.
Appendix A, written by T. A. Eppes, describes the analysis performed to
better understand the detailed geometry of this sensor. In the course of
the analysis, a Fortran simulation of the scanner geometry was programmed
and exercised. The program and the results of the testing are given in
this appendix.

Appendix B, written by R. J. Ouellette, presents the findings of
a user requirements survey, performed to verify the ground-resolution
needs of EQS image-data users, The survey summarizes many conversations
with technical people in several Government agencies. The informality
of these conversations was useful in obtaining user opinions under differ-
ent circumstances from those used to compile published statements of agency
needs, plans, and programs.
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SECTION 2
POSITIONING TECHNIQUES

Two kinds of exterior orientation information are needed for posi-
tioning the EOS images: the three locational components of image-sensor
" position and the three angular components of attitude. For the RBV
camera, this information is needed only for the moment of exposure. How-
ever, the Thematic Mapper and the HRPI require position and attitude data
continuously over many minutes of uninterrupted image collection. The
goals for position and attitude accuracies are commensurate with the
highest-resolution image sensor. The 20-meter ground resclution of the
HRPI for EOS is equivalent to 0.0012 degree.* These numbers indicate the
magnitudes of interest for EOS position and attitude measurement,

Five components will be considered here in developing image-
positioning techniques:

(1) Best-fit satellite ephemeris, for pesition

(2) Ground control points (GCP) for position and/or attitude
(3) Stellar absolute inertial attitude sensor

(4) Gyro short-term attitude measurement assembly

(5) Horizon-scanning earth-oriented attitude sensor

These components can be combined in several different ways to obtain the
six image-positioning parameters required. Either (1) or (2) must pre-
sent in any scheme to provide the three locational parameters. For the
angular values, the situation is not so simple. Depending on the design
of the attitude control system, no attitude information, a limited amount,
or a great deal may be needed for positioning images.

Five main combinations of the components listed above were selected
for detailed consideration. They are summarized in Table 2-1 and described
in the remainder of this section. Extensive error analysis of the methods
is postponed until Section 5, after additional discussion of the differ-
ent components.

During this study, angles have been seen specified in arc seconds,
decimal parts of a degree, radians, and "milli-earth-~rotation units",

In this section, degrees and decimal parts of a degree are used through-
out for uniformity, simply because the attitude control system specifi-
cation is so expressed in reference (1), (Some standardization of angu-
lar measurement units seems as desirable for reports as the standardi-
zation of linear units.)
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Table 2-1 - Positioning Methods

Components
Ephemeris GCP Stellar Gyro Horizon

Method Positien Data Frequent Occasional Sensor Package Sensor Conditions

SIMS-E X X X

GCP-E X X Good fit of attitude'angle? to
low-order curve within an image.

d .
STMS—EG X(relative) X X X Good relative ephemeris
L accuracy.

GIMS~-E-1 X X X

CIMS—F-2 X X x Smeoothly varying eplzlemerls
error; even gyro drifts,

CIMS—F-3 X % ¥ Good relative epheme::‘ls accuracy;
low and even gyro drifts.

HIMS-E X X X

P-51.367-3



2.1 STELLAR INERTIAL MEASUREMENT SYSTEM (SIMS) AND EPHEMERIS

This method, referred to hereafter as SIMS-E, represents a pure
satellite-data positioning scheme, using components (1), (3), and 4)
from Table 2-1, Ephemeris data define the three translational parameters
of the image sensor. The gyros provide short-term attitude information.
If the gyros are gimballed, this information is provided directly in
some form of local-vertical attitude angles. If the gyros are strapped
down, the rates must be integrated to give inertial attitude angles
which are further processed from the ephemeris to give local-vertical
attitudes. 1In either case, the gyros are subject to drifts and other
anomalies which make them unreliable over some period of time which is
short with respect to the operational life of the EOS satellite. The
stellar sensor provides absolute inertial-attitude fixes at the time
intervals required to update the gyro data.

This method further requires that the angular relationships between
the star sensor, the gyro housing or platform, and the image sensor be
defined to the same or higher accuracies than those needed for the stellar
inertial-attitude fixes. This is called the attitude-transfer require-
ment here, The simplest conceptual way of meeting this requirement is
to mount the three types of sensors directly to one another. This is
possible for only one image sensor, and might well severely impact the
design difficulties for both SIMS and the imager. If direct mounting
is not feasible, SIMS attitude values can be referred to a calibration
block mounted to one of the image semsors. This solution shifts the
attitude—transfer problem to the sensor designer to ensure rigidity
and parallelism between the block and the internal geometry of the imager.
It also is suitable for only one of the image sensors, probably the one
with highest resolution, HRPIL.

The next simplest solution is to mount SIMS and the image sensors
to a common rigid structure; the spacecraft would be the common struc-
ture, but it is difficult to thus maintain a calibrated attitude relation-
ship to the one or two arc seconds needed, The remaining alternative is
gome form of "auxiliary-auxiliary' or tertiary attitude sensor which
monitors the attitude between the image sensor and the stellar/gyro
package. 1In reference (1)* a three-axis autocollimator is suggested for
the tertiary sensor. This may take several forms, and is discussed in
more detail in Section 3.4.1.

The SIMS—E method illustrates the strengths and weaknesses of the
satellite-data technique for image-positicning:

® TImage content is not considered at all for positioning.
® (round processing of image data is completely automatic.

® Reliability of the three types of attitude sensors is of
vital concern.

* ) ) .
References are listed in order of mention at the end of the report,
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® Attitude transfer is needed to relate attitude and image
Sensors.

® Random ephemerils errors impose the ultimate accuracy limit,
even with zero errors in attitude, attitude—transfer, and
internal image geometry.

® Development costsg are largely those associated with space-
qualified reliable attitude and attitude~transfer sensors.

® More spacecraft weight and power are needed beyond that nor-
mally required for attitude control,

2.2 GROUND CONTROL POINTS (GCP) AND EPHEMERIS, METHOD GCP-E

This method represents a nearly complete ground-control positioning
technique, using components (1) and (2) in Table 2-1, Ephemeris data are
used for two of the three parameters, along- and across-track position.
Ground control points are used for the other four unknown parameters, and
also for other parameters associated with mean attitude rates and accel-
erations. The GCP positioning technique iz such that errors in the
ephemeris values are compensated by two of the angular parameters with-
out significant error; the technique is described in detail in Section 4.3.
The ephemeris data are not strictly necessary for the solution, but are
normally available for the satellite anyway, and provide a modest statis-
tical improvement in positioning accuracy.

This method is the only one of the five which does not require or
use telemetered attitude data from gyros on the spacecraft. To achieve
this freedom, some constraints are placed on the attitude behavior of
the spacecraft, other than those originally specified in reference (1):
attitude behavior must be known in advance to be such that deviations
from some simple behavior model will not be in error over a 30-second
period by more than 0.0005 to 0.001 degree in each axis. The magnitudes
of the angles and rates are not of concern. Details are given in Sec-
tion 4.2.

Method GCP-E shows the typical characteristics of the GCP method
of positioning, conmstrained somewhat in this case by the non-framing
EOQS sensors:

¢ The primary component used for imapge positioning is the infor-
mation within the image.

¢ Ground processing of image data requlres some manual operations,
supported by equipment and procedures designed to obtain highest
production.

® The only spacecraft sensor of concern is the image sensor itself.
® Attitude transfer is not required.

® The accuracy limit is determined by image resclution and internal
image geometry, and by the small irregular deviations in attitude
from a smooth low-order curve.
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® Development costs are those associated with an efficiently
operating ground data-processing facility, including some
manual steps.

® No extra spacecraft weight and power are needed.

2.3 STELLAR INERTIAL MEASUREMENT SYSTEM PLUS GROUND CONTROL POINTS,
METHOD SIMS-EG

This method is the first of two hybrid positioning schemes which
were selected for consideration in the study. Components (3) and (4)
are used from Table 2-1, supported by shared limited use of components
(1) and (2). Note from the table that the GCP are used infrequently,
for one or perhaps a few images per orbital pass, rather than in each
image to be positioned. They serve here primarily to detect and remove
biag in the ephemeris. This bias is taken as representative, and applied
ahead and back along the orbital arc to all other images to be positioned.
If the spacecraft structure is suitably stable over a single imaging pass,
the GCP will also solve the attitude-transfer problem,

There are several advantages to this sparing use of GCP over method
GCP-E. First of all, the many fewer GCP to be selected and correlated
mean much less difficulty in a high-production ground processing facility.
This is especially true if a completely digital image processing scheme
is to be used; the lengthy digital image correlation needs are much less
significant than in a method where each image requires correlation of
several GCP. Second, the GCPneed be selected only in areas with highest
image quality. Third, the ephemeris error effects are greatly reduced

_from what they were for method SIMS~-E., Fourth, the need for some GCP
processing also gives a back-up capability for use in the event of
spacecraft attitude—sensor failure. Finally, attitude-transfer hetween
attitude and image sensors can be achieved using GCP instead of pre-
launch calibration.

Unfortunately, some of the negative aspects of methods SIMS-E and
GCP-E also are incorporated in the hybrid SIMS-EG. Development costs
are high, since both precision spacecraft attitude sensors and a ground
processing facility for GCP are needed. Also, as is shown in Section 5,
some of the errors of each method are added in this hybrid method, so
that not much of an increase in accuracy is obtained. More spacecraft
welight and power &till are needed for attitude measurements than would
be required only for attitude control, The reliability of the stellar
and gyro attitude devices is of concern, too, although the GCP capa-
bility does provide some backup.

Table 2-1 shows that an additional condition is imposed on the use
of method SIMS-EG: good relative ephemeris accuracy. Over orbital arcs
of a few thousand kilometers, relative accuracy should be high enough
(see Section 4.1} to make consideration of SIMS~EG worthwhile.



2.4 GROUND CONTROL POINTS PLUS GYRO DATA PLUS EPHEMERIS,
METHOD GIMS-E

This hybrid positioning method removes the attitude-behavior con-
dition imposed on method GCP-E by incorporating telemetered gyro data.
There are three variations of this method to be considered, with a de-
crease In each variation of the amount of GCP needed.

The first, GIMS-~E-1 uses ephemeris data for along-track and across—
track position. Gyre data provide high-frequency relative attitude data.
GCP define altitude and absoclute attitude values for the three rotational
axes. Gyro drifts are considered here to be less than 0.001 degree over
15 seconds, TIf this is not the case, mean attitude rates must be carried
as three additional unknowns in the GCP 1mage-positioning solution. This
means either more GCP must be used to retain a given accuracy, or lower
positioning accuracy for the same number of GCP per image.

The second variation is GIMS-E-2. 1In this case, GCP are not used
in every image for positioning, but only at intervals along an Ilmaging
pass., Between GCP images, the attitudes and positions are interpolated,
with bias-adjusted gyro and ephemeris data used for attitude and position,
respectively. The variation requires fewer GCP operations than GIMS-E-1
and preserves much of the accuracy, but requires better gyro character-
istics and low random error in the ephemeris.

The third variation is GIMS-E-3, Here, extrapolation is used in-
stead of interpolation. GCP are used for a single image, together with
ephemeris and gyro data. Values are obtained for the usual six parame-
ters plus three mean attitude rates. These values are extrapolated
forward and backward along the orbit using ephemeris differences and the
angle- and rate-adjusted gyro data., Even fewer GCP are required here,
in exchange for even better-defined gyro angles and ephemeris.

The three variations differ only in their trade of GCP frequency
for ephemeris and gyro quality. Thus, they share these characteristics:

® Tmage content is used only teo the extent necessary to over-
come gyro and ephemeris deficiencies.

® Ground processing of image data requires some manual opera-
tions, but fewer than method GCP-E, and provides back-up for
gyro failure,

® Reliability of the gyro device on the spacecraft is of concern.

® Attitude transfer is not required, if the attitude between the
gyro reference and the different sensors remains constant
between GCP updates.,

® Ephemeris and gyro error effects can be traded with frequency
of GCP use.

® Costs are in the development of a high-quality gyro package,
as well as manually aided ground processing.



® Some spacecraft weight and power are needed* beyond that
normally required for attitude control.

The variations of GIMS-E place somewhat greater reliance on GCP than does
method SIMS-G, with a consequent decrease in concern over spacecraft com-
ponents and an increase in the required manual processing. The accuracy
is somewhat improved from SIMS-G as well, at least for variation GIMS-E-1.
Accuracy for the other two variations can be traded with ephemeris/gyro
quality and number of GCF needed,

2.5 HORIZON SCANNER WITH GYRO PACKAGE AND EPHEMERIS DATA,
METHOD HIMS-E

This method is included to show back-up capability and a cost/
accuracy benchmark. Method HIMS-E is a pure satellite-data positioning
scheme, using components (1), (4), and (5) from Table 2-1. The method
is functionally the same as that used to position the ERTS bulk images,
although gyro performance is considerably improved. HIMS-E operates
in the same way as SIMS-E, except that the horizon sensor replaces the
stellar mapper or tracker of SIMS-E for attitude updates to be applied
to the gyro data., The horizon data for HIMS-E will result directly (after
some modeled adjustments) in true local-vertical attitude. This iIs dif-
ferent from the situation using SIMS-E, where the attitude derived is
inertial and must be transformed to the local reference frame using
accurate ephemeris data, The horizon sensor cannot approach the stel-
lar sensor for attitude accuracy, although considerable improvements
can be made in the raw data by proper oblateness—effect removal, The
characteristics of this method are qualitatively the same as for SIMS-E,
except that (1) spacecraft-componment costs, reliability, weight, and
power are somewhat less of a problem, and (2) the horizon—sensor error
would be expected to impose the accuracy limit, not ephemeris errors.
Overall, this method is probably the least expensive, and it is certainly
the least accurate,

*
It may be possible to use the ACS gyros for the required attitude
information.
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SECTION 3
IMAGE SENSOR CONSIDERATIONS

The following discussion is particularly concerned with the three
high-resolution image sensors presently proposed for the EOS payload:
the Thematic Mapper, the HRPI, and the RBV camera pair. Some of the ma-
terial will be seen to apply also to image sensors and earth-resources
missions in general.

The EOS orbit and ground-swath coverage parameters are those derived
in reference (1):

(a) Altitude = 980 km above equator, circular orbit
(b) Period = 104.6 minutes
(¢) Inclination = 99+ degrees

(d) Ground-swath width for high-resolution imagers = 185 km
(100 nm), with 10 percent overlap at equator

(e} Revisit time = 17 days
(f) Local time of descending node = 8:39 AM

3.1 INTERNAL GEOMETRY

3.1.1 Thematic Mapper

In reference (1), a conical scan geometry is suggested for
the Thematic Mapper. The conical scan results from an effort to increase
duty cycle without severe weight penalty for a particular resolution.

It is possible that this goal also can be met with an optical design
which results in the more usual straight-line scan geometry, such as
that employed by many aerial scanners. The simpler geometry may be pre-
ferable for ease of processing or some other considerations. Still,
there is nothing in the use of conical scan which inherently limits the
geometric use of the data,

The effect of one conical image-plane scannetr implementa-
tion is shown in Figure 3-1. 1In this figure, the cone is vertical. The
effective imaging geometry is based upon the text and the schematic dia=~
gram contained in reference (1), except that six catoptric probes are
assumed instead of eight, as in reference (3). The six probes divide
the cone base circle into six equal sectors, and 48 degrees of each sec-
tor are used for active scanning (80 percent duty cycle). Six high-
ragolution lines are swept cut in each scan swath, with the detectors
for a given spectral region arranged in a one by six array, as shown in
the figure. To cover a strip 185 km wide on the earth with a 48-degree
central angle of the base circle requires a cone vertex angle slightly
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greater than 26 degrees. The chief characteristic of vertical-cone imag-
ing is that all objects on the earth are scanned with the same nadir
angle. This might appear to be advantageous for multispectral applica-
tions, since the spectral reflectance characteristics of many features
change with viewing angle. . However, the angle formed by the sun, ground
feature, and the scanner detector also is important to spectral reflec-—
tance, and this angle changes during a single scan swath. Thus the
fixed-nadir-angle scanning may not be of significant value.

In Figure 3-2, the scanner just described has been mounted
in the spacecraft with a forward tilt of one-half the vertex angle. As
a result, the arc formed on the earth by a single scan swath passes
through the spacecraft nadir at the swath center, with increasing nadir
angle toward the ends of the swath, This configuration supposedly results
in a more "natural" viewing geometry, since it is more nearly that of a
conventional scanner sweeping a straight line from side to side through
the nadir (e.g., the ERTS MSS scanmer). A more tangible reason for tilt—
ing the cone is to reduce the positional error caused by terrain relief
variations. Figure 3-3 shows the projective displacement, d5, of a hill-
top away from its orthogonal position. The displacement is equal to
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h(S/H). For the vertical-cone E0S imager shown in Figure 3-1, the ratio
of S/H is nearly one-fourth throughout each scan line, so that all points
on the terrain are differentially displaced radially from the nadir by
amountg equal to one-fourth their height differences., For the tilted-
cone Imager in Figure 3-2, no terrain relief displacements occur at the
center of each scan line, where S/H is zero. Displacement effects in-
crease away from scan center until, at the ends of scan, they are nearly
as great as for the vertical-cone imager. But the near terrain displace-
ments still are significantly less for the tilted-conme than for the
vertical-cone imager, Such displacements are noticeable only in a posi-
tional sense, with respect to the map locations of image features; for
either of the scanning cone configurations, any terrain displacements
will repeat on subsequent imaging passes. Thus temporal registration
will not be affected. :

The instantanecus field of view (IFOV) for the Thematic
Mapper was originally specified as 66 microradians for the six high-
resolution channels described in reference (1). At the nominal EOS al-
titude of 980 km, a single high-resclution scan swath will contain 6 x
2,870 samples, and the swath thickness will be 388 m. As a result of
the EOS Mission Review Group's conclusions, reference (2), the original
IFOV will be reduced. The present goal is 44 microradians. If this is
achieved, a single scan swath will contain 6 x 4,300 samples, and the
swath thickness will be 259 m. The rotation rate of the wheel containing
the six sets of scanning probes will be about 2,7 rps for the 66~micro-
radian IFOV and 4.1 rps if the 44-microradian goal is achieved,

Details of the conical-scan image geometry, its interaction
with earth-rotation effects, and the effects of attitude and altitude
variations are described in Appendix A.

3,1.2 High Resolution Pointable Imager (HRPI)

This device presently is planned as a solid-state linear
array of 1,800 detectors for each of 4 spectral bands, each detector
with a 20 m square IFOV. The resulting geometry is that of a straight
line 20 m wide and 36 km long, normal to the spacecraft velocity vector.
The sensor can be rotated about the velocity vector to image any part
of the 185-km wide Thematic Mapper coverage. If the Thematic Mapper is
made capable of off-axis pointing, the HRPI may be required to follow;
this requirement is not yet defined.

The extremely simple internal geometry of the HRPI has been
aptly compared to a pushbroom, A straight line is scanned, with a fixed
spatial relationship between all the detectors forming the line. As the
spacecraft moves forward, this line is "pushed" ahead, covering the area
of interest in a continuous swath,
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3.1.3 Return Beam Vidicon Camera (RBV)

The RBV camera is familiar from its application as a multi-
spectral imager in the ERTS program. For EOS no multispectral capability
is to be used. The camera is proposed as a single-band (panchromatic in
one reference) sensor to obtain reference images of higher resolution
and greater locational accuracy than those provided by the Thematic Mapper.
The RBV images also are to "aid greatly in achieving the desired location
accuracy" for Thematic Mapper images, reference (2).

A pair of 2-inch RBV cameras have been recommended for EOS.
Each has a focal length of 250 mm, twice that used for ERTS, and covers
an area about 98 km on a side. The cameras must be tilted about 2.5
degrees, one to the left and one to the right of the ground track. Ex-
posure and readout alternate between the two cameras.

A total of 4,500 television lines per image are to be scan-
ned (the ERTS RBV tubes are scanning 4,125 lines), equivalent to a ground
pixel (theoretical picture element) of 22 m on the earth. But image
motion compensation will be required if effective resolution is to be at
all commensurate with this pixel dimension.

Since the RBV cameras are basically analog television image
sensors, the image distortion can be expected to change during any exten—
ded period. To enable the detection and correction of these random dis-
tortions, each of the RBV cameras for E0S will contain a reseau, a grid
of marks etched on the camera faceplate. The measured locations of the
reseau marks provide geometric calibration data. The same marks will
appear in the RBV images and can be used to remove most distortions in-
troduced during the readout sequence. For the ERTS cameras, the reseau
array contained 81 marks in a regularly spaced 9 by 9 array. Some modi-
fications to this pattern are recommended below,

3.2 GEOMETRIC DESIGN CONSIDERATIONS

In this discussion, the specific E0OS image sensors are not so much
of interest in their own right, but as examples of the geometric problems
and potential in the design of image sensors. A great deal of geometric
diversity is possible in designing image sensors to be used in earth-
regsources spacecraft, This stems from the different requirements to be
satisfied by the sensors. Typically, high duty cycle, low weight, low
volume, and low power requirements are sought, Under some conditions,
by permitting '"unusual’ imaging geometry —-- and any departure from a
central perspective projection is sometimes considered unusual —-— some
of the other goals can be more nearly achieved. This is the rationale,
for example, guiding the conical-scan geometry being considered for the
Thematic Mapper design.

For image positioning and registration, there is nothing inherently
"wrong" about incorporating unusual geometry in the design of an image
sensor. However, it is important that the geometry be well known. Only
with known internal geometry can the image data be effectively positioned,.
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Three methods can be considered for providing the image geometry
information, The first is to correlate the image data point by point
against a master image for which the geometry is known. The correlation
process can be analog or digitlal. The great advantage of this method
is the lack of attention needed in image-sensor design., On the other
hand, the method is quite slow (particularly when using digital methods),
it requires continuous tracking teo maintain the correlation process, and
it will fail when adequate image detail is not present, references (27,
28), or when images from spectrally different regions are being matched,
reference (26). It is clearly unsuited to high-throughput situations.

The second method is to provide advance calibration data on the
image sensor geometry. This enables direct mathematical modeling of
the sensor. The calibration data can be derived from grid images made
in the laboratory, or from images collected over a test range containing
a large array of ground control points. If this method is used, some
care must be taken during image-sensor design to ensure geometric sta-
bility, Stability does not necegsarily mean geometric gimplicity, al-
though data processing may be speeded if the geometry is simple. In any
case, data processing proceeds quite rapidly using advance calibration
data,

The third method of providing geometric information is to provide
calibration data pertaining to each image. Typically, this is done by
providing a reseau (grid) in the image. An intermediate amount of effort
is required in both the sensor design and the image-data processing,
compared with the first two methods. The image sensor must be geometri-
cally "well-behaved" between adjoining reseau marks, so that some form
of interpolation will adequately describe the image geometry. Also, the
normal data processing operation must provide for the identification
and measurement of the reseau marks in the image data, in order to pro-
perly calibrate the internal geometry for each image. This is a time-
consuming operation, although much less so than point-by-point image
correlation over the entire format.

In practice, the second and third methods often merge., The ERTS
multispectral scanner (MS5) uses the second method, advance calibration.
Even so, some analysis based on GCP residuals will be needed during the
operational life of the MSS to detect possible changes in internal geo-
metry. This analysis could be done easier using optional timing lines
within each scan. The ERTS RBV camera array incorporates the third
method of providing internal geometric information. Early ERTS data
has shown that the random shifts in the internal geometry of the RBV
cameras are smaller or slower than originally thought, reference (4).

If this behavior is characteristic, the reseau data from one image
can be applied to a number of subsequent images, thus becoming a form
of advance calibration.
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Several points merit special consideration by image-sensor designers
for EOS-type missions:

(1) An interrelationship exists between the attention paid to
geometric properties during design and the attention that
must be given to the geometric processing needed to pro-
cess the image data obtained with the sensor.

(2) Stability is the most important geometric design consid-
eration; adequate geometric stability should be provided
in such form that only infrequent off-line methods need
be used to monitor and update internal image geometry.

(3) Adherence to a particular geometric pattern for an imaging
sensor is not always a necessity, provided the sensor gives
the desired ground coverage and the geometry can be ade-
quately described. This freedom in selecting geometry is
greatest when extensive and complex processing must be
applied to the image data for other reasous.

(4) Sensors with moving components require special calibration
of their interaction with the spacecraft structure; depend-
ing on the frequencies involved, satellite attitude control
may be degraded (Section 4.2), image-sensor geometry may
be degraded, or image quality may be reduced.

3.3 OFFSET POINTING

One or more of the EOS image sensors is presently planned to have
some capability for commanded cffset pointing. Such capability has
several advantages for data users, including avoidance of clouds or haze
and the ability to image phenomena which are short-lived with respect
to the normal 1l7-day repeat cycle.

At the equator, to center the Thematic Mapper on the adjoining
ground swath to the east or west of the ground swath currently beneath
the spacecraft, a roll angle of 10.7 degrees is needed. To center on
the second ground swath east or west requires a roll angle of 20,5 de-
grees, The third swath requires 29 degrees of roll. These angles are
maxima, decreasing with increasing latitude,

For purposes of data management it is most desirable to constrain
the offset pointing capability to integral ground swaths. This is no
hardship for users, since the coverage will be complete, and will cor-
relate well with the normal images for the same ground swaths obtained
in the normal downward-pointing meode., Since the overlap between suc-
cessive ground swaths is a function of latitude, the amount of angular
offset to be provided for the sensors must also be variable as a function
of latitude, 1f offset imaging is to cover integral ground swaths,

Reference (1) shows that some misunderstanding of the offset point-
ing requirements may exist. The spacecraft motion supplies one dimension
of a scanner image. This motion is quite rapid with respect to the



time-gcale for earth-resource phenomena and cloud coverage. For example,
by pitching a scanner in the EOS orbit ahead by 30 degrees, an image can
be obtained only 1.5 minutes soconer than it would have been obtained by
leaving the scanner vertical. Hence, there is no need to provide for

a pitch offset. Gross yaw offset is not required either, at least for
scanners which sweep rapidly compared to the earth's rotation effect.
(There may be some rationale for a very small yaw offset to be provided
by the spacecraft attitude control system as a function of latitude, in
order to eliminate very small gaps in scanmer coverage; this is discussed
in Appendix A.) As a result, only a single axis is needed for offset
pointing. One-axis pointing is considerably easier to design and imple-
ment than a three-axis offset.

Control of the pointing angle is the next item for consideratiom.
Control can be provided in fixed large increments, such as five degrees,
or in much finer increments. There is no need for extremely fine angular
control here, since the image sensors cover several degrees, On the other
hand, as mentioned above, efficient data management (cataloging, indexing,
processing requests, retrieving image data) of the thousands of images
which will be obtained dictate that the pointing be confined to Integral
ground swaths, referred to normal repeat cycle. The pointing precision
should be about the same, too. For BERTS, repeat precision is ten percent,
If the same figure is applied to EOS, the pointing increments need be mno
finer than about 0.5 degree. A stepper motor applying angular increments
of this size would provide ground swath repeatability of about 6 percent,
and 128 steps would cover the 60-degree range needed to step over 3
ground swaths to either side., To minimize the effects of disturbance
torques on spacecraft attitude stability, it is necessary to implement
the sensor offset pointing well in advance of any planned high-resolution
image collection. The lead time depends on the attitude control system,
the design of the pointing device, the moment of the pointing optics,
and the placement in the spacecraft.

The accuracy with which the offset angle must be measured depends
on the method used to position the image. For GCP techniques, measure-
ment is not strictly needed at a2ll, although some gross indication may
be helpful in locating GCP for correlation. Satellite~data positioning
methods require that the offset angles be measured with the same high
accuracy as the spacecraft attitude angles. It may be desirable to
avoid this high accuracy measurement by using only GCP for positioning
off-axis images, even though the normal downward-looking images are
positioned primarily with satellite data.

In regions of moderate terrain relief, some degradation in temporal
registration accuracy must be expected when comparing off-axis images
with the normal downward-looking images (Figure 3-4). The extent of
misregistration caused by this effect depends on the height of terrain
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Figure 3-4 - Terrain Displacement from Offset Pointing

and the differences in the two imaging angles, and is given approximately
by

_ (214) -
ds = ¥5gpy N dh = 0.22 N dh

where
ds = misregistration
N = number of ground swaths between the two images
being registered
dh = terrain elevation

The terrain elevation dh is measured above mean terrain if GCP are used
for positioning, or if spacecraft data are being used together with a
world-wide mean terrain model. TFor spacecraft-data positioning without
such a model dh is measured above mean sea level.
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A positive way in which to consider terrain displacement is as a
new capability for stereoscopic viewing. Even for a single ground-swath
offset, an adequate stereo effect will be obtained. Terrain height deter-
mination can be performed under these conditions, with a relative error
of

980 4.6

= n

" T 215 8 "p p

where

standard error of relative height determination

™h
m
p
3.4 OTHER SENSOR CONSIDERATIONS

"

standard error of position repeatability

3.4.1 Attitude Transfer

Some positioning methods depend on auxiliary data to deter-
mine the attitude of the imaging sensor. One of these methods may be
used for E08., If so, it is necessary to know the relative attitude be~
tween the auxiliary attitude sensor and each of the high-resolution image
sensors, This is the attitude transfer requirement discussed in Sec—
tion 2, The rms error with which this attitude should be known is com-
mensurate with the rms error expected from the attitude sensor. Teo keep
the effects of error to beneath significance in a root—sum-square error
sense, the positional contribution of error normally must be held to
one~third of the root-sum-square positional error from all other causes.
For EQ0S, the rms error goal being used here is one HRPI resolution ele-
ment, or 20 meters, The corresponding combined effect of attitude=-
transfer error goal then iz 6.7 m/980 km or 0.00039 degree, about one-
second of arc.

It is not necessary, or even desirable, to devote effort
before launch to calibrating the attitude-transfer angles. They can be
more meaningfully measured after launch using GCP in a single bias~removal
calibration. However, some assurance of rigidity is needed so that
these calibration values can be used with confidence.

The most straightforward way of achieving such rigidity
would be to mount the image and attitude sensors together., This may not
be possible for many reasons. But if the image and attitude sensors are
mounted separately to the spacecraft structure, it appears to be very
difficult to design the spacecraft with adequate rigidity to maintain
such a high alignment accuracy., This leads to a tertiary-sensor method
such as that suggested in Section 7.7-1 of reference (1). With this
method, an additional optical device is used to measure and record the
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three-axis misalignment between the external attitude sensor (a star
mapper in this case) and one or more of the high-resolution image sen-
sors. The alignment data obtained in this way would be telemetered to
the ground receiving station along with the attitude-sensor data. This
solution gives the greatest freedom to spacecraft design and to the place-
ment in the spacecraft of the different sensor packages, and is undoubt-
edly feasible, However, it places another set of unknowns in the posi-
tioning problem, requiring additional reliability, cost, and care during
system design to ensure adequate performance. It may be possible to com~
bine the attitude alignment into either the auxiliary attitude sensor

or the high-resolution image sensors, to either automatically maintain
some fixed three-axis relationship or else record and compensate for
deviations. Unfortunately, this solution simply shifts the problem to
the image-sensor or attitude-sensor designers.

It must be noted again that a positioning method for which
GCP are used with each image is not affected by these considerations.
A gyro package may be needed for the scanning imagers, but such devices
provide only attitude differences, over periods of time which are short
enough to assume a constant angular alignment between gyro package and
image sensor.

A second kind of sensor alignment concerns the different
image sensors alone. To image the same area, these sensors must be
boresighted before launch. Sometimes an array of imagers is intended to
operate as a single composite image sensor; the array of three multispec~
trally filtered RBV cameras used for ERTS is an example. An inordinate
amount of effort appears to be spent sometimes in the prelaunch bore-
sighting of image sensors. For the relatively large areas typically
being imaged, a misalignment of 0.1 degree is certainly permissible.
This can be achieved with little effort. 1In general, the additional ef-
fort spent aligning image sensors more accurately could be more profit-—
ably devoted to designing ways to maintain constant alignment after
launch,

3.4.2 Framing Camera Utility

In reference (2), the addition of the RBV cameras to the
original EOS sensor complement was recommended for two reasons. The
first is to provide higher spatial resolution than the Thematic Mapper
{20 m for high-contrast and 50 m for low-contrast targets is quoted in
reference (2)), with a corresponding capability for high location ac-
curacy. The second is to somehow 'relate the spectral and spatial data"
of the Thematic Mapper, and so "aid greatly" in accurately locating
Thematic Mapper image data (quotes are from reference (2)). Thus the
advantages cited are (1) the effective resolution of the RBV camera
versus other sensors, (2) the attainable positional accuracy for the
RBV images, and (3) the ability to effectively use the RBV images as
locational references for Thematic Mapper images. These three points
will be considered in order.



First, the rescolution advantage. Rescolution is not a pri-
mary concern in this study, although it is unavoidably involved in some
considerations. Resolution is not simply given by the theoretical pizel
(picture element) size of the RBV camera, any more than by the instantan-
eous field of view (IFOV) of a scanner. Effective signal-to-noise ratio
also must be considered. 1Initial ERTS images already have shown that the
net image quality of the scanner with its 75 m IFOV is higher than that
of the RBV camera with its 45 m theoretical pixel. Part of the reason
for this may be the shading and mottling in the RBV images. A second point
in connection with RBY resolution concerns image motion. During a nominal
0.010-second exposure, the camera moves over 60 m. Image motion already
is blurring the ERTS 45-meter theoretical pixel size. There is no peint
in doubling the ERTS-camera focal length to obtain a theoretical 20-meter
ground pixel unless some form of image-motion compensation is provided.

The second advantage cited for the RBV is that of locational
accuracy. A framing camera is not necessarily of high geometric accuracy
simply because it is a framing device. This is the very reason why sim-
ple amateur cameras are not used for photogrammetric mapping. The RBV
camera is geometrically a framing sensor, but the reseau on the faceplate
tegtifies to the need for extensive and continuous monitoring of the
geometric stability. During data processing, each of the large array of
reseau marks must be located and accurately measured, even in the pre—
sence of background imagery. This task cannot but add appreciably to
the total data processing time necessary. At least some of the reseaun
marks must be checked in each image, reference(4), or series of images,
to look for shifts in the distortion pattern. In fairness, early ERTS
RBV images show rather good short-term stability of the image distortioms.

The third stated advantage of the RBV camera concerns its
ability to serve as a locational reference for Thematic Mapper images.
The locational accuracy of the Thematic Mapper is discussed separately
in Section 5. It is not in need of an RBV camera to be improved. For
the present discussion, however, the accuracy of the Thematic Mapper
image is not so much of interest as the mechanics of using one image to
position another. Appendix G-3 of reference (2) recommends investigation
of image correlation techniques to spatially relate the RBV and other
images. Automatic image correlation techniques, both analog and digital,
are well known, references (26, 27, 28, 29, 30), both for use in con-
touring and profiling the earth's surface and for simple image matching.
The ERTS precision processing subsystem incorporates a modification of
this electronic image correlation experience to precisely lock on sel-
ected ground control points. It must be emphasized, however, that there
is a tremendous difference between correlating a few small areas specially
chosen for their pattern and contrast and correlating continuously over
the entire image. The problem is increased when attempting correlation
between images from different spectral regions, reference (26). Experi-
ence gained at these laboratories and elsewhere has shown that image
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correlation is a useful tool when used with discretion, human judgment, .
and manual back-up. This is true for digital as well as analog or hybrid
applications, But correlation of all image details is extremely time-
consuming; its wholesale application has no place in a high-production
environment, and should not be comnsidered further.

Summarizing the discussion above,

® Regolution: The RBV camera would need image-motion
compensation and some other improvements before any
comparigon of net image quality is meaningful.

® Gecmetric accuracy: The reseaus require lengthy
processing and periodic checking by methods ill~suited
to automatic cperations in order to maintain geometric
quality; the quality is not demonstrably higher than
that of the Thematic Mapper.

9 Locational reference: The image correlation process
is far too time-consuming and unreliable for high-
production application in matching Thematic Mapper
image detail to RBV images.

In conclusion, then, an RBV framing camera on E0S will not affect Thematic
Mapper positioning or registration. With improvement, the RBV may have
merits of its own in terms of resolution or as a backup sensor. Still,
there may be other imagers with similar attributes and they merit equal
consideration, in which cost, weight, power, and data processing complex-
ity are balanced against usefulness of the images. Other use may be
preferable for the weight and power entailed; an on-board data-filtering
or compression package to cut transmission data rates 1s one possibility.
A backup Thematic Mapper or Extended HRPI are others.

If, in gpite of these arguments, the RBEV camera is approved
as an EOS sensor, some form of image-motion compensation device must be
provided for the camera. 1In addition, the existing reseau pattern should
be changed as follows:

(1) Reduce thickness of reseau crosses by at least 50 percent.

(2) Scribe crosses as X's rather than +'s, with respect
‘ to raster.

(3} Change spacing so reseau density is higher at edges
and corners, but total number of reseaus remains
the same,

3.4.3 Data Compression

Although it is not a subject for the present study, the
high data rates associlated with EOS cannot help but impress the observer.
In the next few years, users can be expected to demand even greater spa-
tial reseolution, further increasing the data rate. One way of limiting
the data rate is through omboard processing and filtering of meaningful



information. This approach is already being pursued. Another method

is to sense and/or transmit data for only those spectral regions and
resolutions currently of interest. There still appears to be some di-
versity of opinion as to the number of spectral bands necessary to detect
the various phenomena under investigation, and the necessary amount of
sensitivity within the bands. The numbers of bands needed, their wave-
lengths, and the resolution within the bands can be expected to change

as functions of experience, data application, time of year, and geographic
region, to name but a few variables, Thus ground-selected spectral re-
gions and resolutions may satisfy the spectral needs of users, while
permitting a more reasonable data rate. It has been noted from several
user surveys, including the one carried out as a part of this study, that
the need for multiple spectral bands to some extent complements the need
for high spatial resclution. Thus, some advantages might be seen for an
imager which could provide the same data rate by high resolution using

a single panchromatic channel, or by decreased resolution but with several
spectral channels,
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SECTION 4
POSITION AND ATTITUDE.

This section describes those aspects of‘geometric positioning
which are not associated with the image sensors -- the externdl EOS
geometry,

4,1 SATELLITE POSITION FROM EPHEMERIS -

4.1.1 Selected Orbit

The basiec requirements for the EOS orbit are nearly the
game as for the ERTS orbit, and probably will remain so for most sub-
sequent earth-resource satellites: a near—polar, nearly circular stable
orbit, with repgularly repeating continuous coverage of the earth's sur-
fdce, For EO0S and ERTS the orbit is also sun-synchronous, with the
orbital plane precessing about the earth in inertial space at the same
rate as the mean ‘earth rotation about the sun, Within these constraints,
the variables are altitude, repeat cycle in days, and right ascension
of the ascending node. The latter variable determines the local time of
‘transit and whether imaging will occur on the ascending (northbound) or
descending (southbound) node. The various combinations were discussed
in reference (1), and also in reference (9), and resulted in the EOS
parameters shown in Table 4-1, The corresponding ERTS values also are
shown in the table. - '

.

Table 4~1 - Orbit Parameters

EOS ERTS

Mean Altitude at Equator 980 km : 920 km
~ Repeat Cycle ) ' 17 days ‘ 18 days
Imaging Node | Descending Descending )
Mean Locai Time at Equator '
on Imaging Node 8:30 am 9:30 am"’
Inclination of Orbit 99+4° ' 99°
Distance at Equator between '
Successive Orbits . : 685 km 2870 km
Distance at Equator between g
Adjacent Ground Traces : ) 171 km ' 159 km

4



4,1,2 Discussion of Orbit Selection

In reference (1), the rationale governing the selection
of the EQS orbit was discussed in some detail, Basically, the orbit
was governed by the previous altitude selection of 1,000 km for the
Thematic Mapper and another lower-resolution sensor. Many prospective
users of earth-resources satellite image data claim they want higher
image resolution. They naturally have asked why missions cannot be
planned for a lower orbital altitude. From the mission-planning view-
point, low altitudes are avoided for two reasons, increased air drag
and decreased time above the horizon for transmission to ground receiv-
ing stations. With increased air drag, it is necessary to periodically
carry out orbit maintenance with a small thruster, However, as refer-
ence (1) shows, the additional fuel weight required for this maneuver
is quite low, at least for orbit maintenance intervals of about 20 days.
Thus, it is at least feasible to discuss altitudes as low as the 570 km
treated in reference (1).

Decreased above-horizon pass time is a severe limitation
for satellite programs organized as was ERTS, with a very few stations
acquiring data directly from the satellite. However, the higher data
rates to be expected with future satellites, including EOS, raise the
possibility of using a relay satellite to provide the link between
imaging satellite and ground stations. Such a solution if adopted
would have many advantages, only one of which is the removal of con-
cern about above-horizon time for the imaging satellite.

So there are ways around the original limitations on
lower altitudes, Other effects of lowered altitude now must be con-
sidered, and for these ground-swath width must be considered,

If ground swath-width in kilometers is kept constant and
orbital altitude is decreased, the image sensors on the satellite must
have a wider total angular field of view than at the higher altitudes,
Since the image sensors are to maintain the same angular resolution, an
increased data rate is needed tc achieve the resulting higher spatial
resolution over the same ground swath. Also, a larger maximum nadizr
angle will result when imaging from the lower altitude. Terrain relief
displacements then will be larger. However, as long as the nadir angle
remains within about 30 degrees very little terrain masking will result
(conventional aerial cameras have half-field angles of over 40 degrees).
Temporal registration between Images made by successive passes over the
game earth scene will not be affected as long as the ground-trace repe-
tition is controlled properly.

A second matter of concern is the repeat cycle time. TFor
any fixed altitude, the repeat cycle is determined solely by the selec-
ted ground-swath spacing, reference (1): the narrower the swath width,
the more days needed for the repeat cycle., 1In general, a short repeat
cycle is desirable to give more opportunities for cloud- and haze-free
imaging of each area of interest., Thus, a wide ground swath is in



order. Figure 4-1 shows this relationship for two different orbital
altitudes, 570 and 900 km. These altitudes are associated with 15 and
14 orbits per day, respectively, from reference (1). As the figure
shows, a decrease in orbital altitude allows a choice between a modest
decrease in either the repeat time or the ground-swath size. For any
orbital altitude, a significant decrease in repeat time is possible
only by increasing ground-swath size. Swath size can be much larger
than the present 160-170 km and still result in a nadir angle of less
than 30 degrees, The roll offset capability proposed for the EO0S The-
matic Mapper gives an effective shortening of the repeat cycle by in-
creasing the available swath width on each pass.

Summarizing the discussion, a low orbital altitude can
provide more spatial resolution and a slight decrease in repeat cycle
time. These advantages must be compared against (1) the need for
periodic orbit maintenance, (2) the possible need for relay satellites
to provide adequate transmission to ground stations, and (3) larger
nadir angles and data rates for a given ground-swath spacing.

Orbits other than circular can be considered for earth-
resources missions. A highly elliptical orbit would allow imaging
along a short arc near perigee without long~term air drag., The motion
of perigee in the orbital plame would shift the imaging arc from one
pass to the next. Earth rotation and orbital precession would shift
the ground trace of the orbital plane. Such an orbit obviously is much
more complex than the simple circular choice.
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A circular orbit does not give constant altitude above
the earth. As a result of the earth's oblateness, at the highest lati-
tudes the satellite altitude is about 21 km greater than at the egua-
tor., The EOS5 images will have about a 2 percent range in scale as a
result, This is a small but significant amount and will require addi-
tional work during digital image processing. The altitude range also
causes an under- or over—scan condition with a fixed rate scanner, and
a change to the number of scan swaths per image format. It would be
desirable to use an orbit with an ellipticity which exactly matched the
oblateness of the earth, thus giving constant altitude, For a sun-
synchronous requirement, this orbit would have motion of perigee in/the
orbital plane, reference (7), so the earth and orbit ellipticity wduld
match only occasionally. Hence, the circular orbit apparently ig the
best way to obtain nearly constant altitude above the earth.

4,1.,3 Effects of Improper Orbit

For most imaging satellites, insertion into an incorrect
orbit will significantly affect mission success., It is assumed here
that departure from the planned orbit is too great for any small adjust-
ment to be of much help. Then it is likely that sun-synchronism and a
regular repeat cycle would be lost, The image scale, ground coverage,
and ground resolution would depart from that designed, as would the
sidelap between images.

These changes from design would have severe impact on
image data processing. For efficient design, a high-production proces-
sing system requires that a relatively narrow range of parameters he
assumed,. This is true whether analog, digital, or hybrid processing
schemes are being used. Digital-processing impact perhaps is not so
obvicus, but the special digital logic needed to obtain high production
will constrain input geometry within narrow limits. The amount of high-
speed memory provided for image-data shifting also will be only that
needed for the planned orbit., Finally, any image printer producing a
film output from a digital system will require special data modification
to retain a uniform output scale or other pre-designed format, just as
would the image printer used for any other method of processing.

The costs are very high to safeguard against improper
orbit in the design of an image-data processing system. Past launch
performances indicate that the risk of improper orbit insertion is quite
small, TIf this is the case; it does not seem cost-effective to require
the Image-processing system to be designed for such an unlikely
eventuality,

: Incremental image sensors such as the Thematic Mapper and
the HRPI collect image data as a function of time, If this time is a

fixed pre-launch value, a bad orbit will cause along-track data gap or
overlap., Only if the rotation rate of the Thematic Mapper or the inte-
gration and readout time of the HRPI can be adjusted by ground command
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can .the difficulty be corrected., A framing camera, collecting an entire
image at once, has an advantage in this respect,

4,1.4  Ephemeris Accuracy

Some of the image positioning methods discussed in Sec-
tion 2 require a very accurate value for the position of the EOS satel-
lite in space at the time each image is being sensed. Since image posi-
tioning must be done in an earth-based coordinate system, satellite posi-
tion must also be so defined. The usual positional reference is geodetic
latitude, longitude, and altitude above the earth ellipsoid of reference.
This information is provided by the satellite ephemeris, which is deter-
mined from tracking data. The ephemeris is frequently revised to incor-
porate the most recent tracking information. A best-fit ephemeris is
determined for after-the-fact (past) satellite passes, and provides
highest accuracy. A predictive ephemeris is used to extrapolate ahead
in time with slightly lower accuracy.

Position uncertainty is caused primarily by lack of de=~
tailed knowledge about (1) the higher tesseral harmonics of the earth's
gravity field, (2) air drag effects, and (3) tracking station location
with respect to the earth's center of mass. Air drag effects are well
in hand, and knowledge of the gravity field's fine structure is rapidly
being augmented by reduction of data from many satellites., The center-
of-mass distance also will be known more closely in the next few years.
For the ERTS satellite, one sigma position uncertainty was estimated at
100 meters with the best-fit ephemeris, The along~track component is
about 80 meters, For the 1976-78 time frame, a one~sigma estimate of
30-50 meters has been made by Cooley, reference (8), predicated upon
improvements in knowledge of the three factors just listed. The lower
figure 1s more likely to prevail over the United States, the higher out-
side tracking-station line of sight. One-sigma tracking station loca-
ticnal uncertainties with respect to mass center are expected to be
considerably less than 10 meters. These estimates have proven to be
somewhat conservative, ERTS5-1 along-track ephemeris errors have been
reported as 40 meters rms,

At least one-half the ephemeris uncertainty is estimated,
reference (7}, to be a systematic effect which will repeat for subse-
quent passes ovefY the same subpoint vicinity. If this estimate is cor-
rect, repeatability uncertainty for EOS will be 20 to 30 meters, one
sigma. Error as a function of time is said to take the form of a sine
wave, with one cycle per orbit, reference (7). If this is the case,
the positional ephemeris error over an arc of several thousand kilo-
meters will change by only 5 to 10 meters.

Other opinions on accuracy differ somewhat from those
cited above, Stansell, reference (5), states, "Today's [1971] geodesy
permits determining a satellite orbit with an accuracy of 10~15 meters
ms and predicting that orbit ... to an accuracy of 40 meters rms or



better." Stansell was writing about the U. S. Navy navigation satel-
lites, whose typical altitudes and inclinations are similar to that
planned for EOS.

Gaposchkin and Lambeck, reference (6), describe an exten-
sive analysis which combined dynamic satellite analysis, simultaneous
satellite photogrammetric triangulation, deep—space network tracking
data (for relative longitude and distance from tracking stations to the
earth's rotation axis), and surface gravity measurements. The combina-
tion solution provided a check with each of the individual data sources
and showed generally good agreement., As a result, the geocentric posi-
tions of 15 stations are determined to 5-10 meters, one sigma, and the
generalized geoid to 3-4 meters. Orbital residuals of 7-10 meters were
obtained using a combination of laser and optical data,

Finally, a completely geometric solution of a global
station network is nearing completion. This work, reference (11, 12),
has used photogrammetric satellite triangulation [different observa-
tions from those described in reference (6)], combined with high—accuracy
transcontinental baselines. One sigma position uncertainty for 45
stations is 4.5 meters, reference (10). When these results are combined
with other data, even better results are expected, which will be of use
in satellite orbit analysis,

A lower limit of 5 to 10 meters seems attainable for
satellite positional uncertainty. The effort to achieve such accuracy
and the time before it can be routinely obtained are not clear. Thus,
the remainder of the analysis in this report has used Cooley's, refer-
ence (8), lower one-sigma repeatability error of 20 meters.

4,2 ATTITUDE DETERMINATION REQUIREMENTS

This section provides some additional details on the spacecraft
attitude control system, inertial-attitude reference packages, and star
sensors. The need for obtaining a more complete knowledge of EOS space-
craft attitude with time is stressed. Finally, in its admitted defi-
ciencies and erronecus interpretations, the need again is emphasized for
more communication and closer contact between the two areas of technology
represented by the satellire-data and control-point methods of posi-
tioning images.

The section is divided into two parts, the actual attitude be-
havior of the spacecraft and the measurement of this attitude by
auxiliary sensors.

4.2,1 Image Continuity Requirement

The EOS satellite must maintain a local-vertical or down-
ward-looking attitude, at least during imaging, Yaw must be constrained
to allow the Thematic Mapper and HRPI to scan normal to the orbital
path. Any attitude corrections must be made slowly between the allowed
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limits. These conditions are maintained by the attitude control sys-—
tem (ACS).

Attitude Error Amplitude

The baseline ACS is described in reference (1), Each of
the three axes is allowed a bias of 0.5 degree maximum, plus 0.2 degree
rms about the bias. This implies maximum errors of 1.1 degree in any
axis, with rms values of 0.7 degree. These limits appear to be ade-
quate. No potential users are known who require closer tolerances than
thege for data collection. Even larger pitch and roll errors may be
permissible. If lower attitude errors would prove of benefit, the
greatest improvement with the least effort can be made by measuring and
removing the 0.5-degree attitude biases. The high—accuracy attitude
measurement technique toc be used for image positioning (either stellar
sensor or GCP) provides this information. By suitable ACS design, the
measured biases could then be removed from the ACS using ground commands.

There are some opposing arguments concerning the allow-
able yaw error. On the one hand, the image displacements caused by yaw
are at most only omne-tenth those of either pitch or roll for the same
angles, so it would seem less important to control yaw as tightly as the
other two angles. On the other hand, a digital geometric correction of
image data for yaw is troublesome for high-speed processing, since it
entails more than the simple data translation which is needed for pitch
or roll adjustment., It would be desirable to eliminate this adjustment,
or at least reduce it as much as possible, Still, extensive geometric
processing will be needed even with zero yaw correction, to adjust for
scale change, map projection, internal sensor geometry, and earth-rota-
tion effects. Finally, a conical-scan Thematic Mappeér is somewhat sen—
sitive to yaw angle in terms of continuous scan coverage. The optimum
yvaw angle differs with latitude (Appendix A); this adjustment could
possibly be incorporated into the ACS. Adjustment precision of a few
tenths of a degree would be adequate., To enforce such an adjustment
might mean a tighter control for yaw than for pitch or roll.

In summary, the baseline yaw variation of +0.2 degree rms
is not obviously too large or too small for the imaging and processing
requirements, In the absence of more critical consideraticms, it is
recommended that the baseline control limits be retained.

A horizon sensor will collect the basic information used
to control attitude. This sensor may be more precise than that used
for the ERTS ACS., Telemetered horizon—sensor and torquer data will be
used to develop approximate attitude values from ground processing., The
afrer-the—fact attitude determined in this way is expected to be accur-
ate to 0.1 degree rms in each axis. ©Some other high-accuracy attitude
measurement obviously will be needed to suitably accurate image
positioning.



It is possible that higher attitude accuracy may be obtain-
able from the telemetered ACS data by removing the earth-ellipticity
horizon effects., These effects are believed to be responsible for much
of the attitude error. One-sigma errors of 0.005 to 0.02 degree are
thought to be feasible (20), using advanced horizon sensors and exten-
sive ground data processing. More definitive information is needed, but
there appears to be a potential for using ACS data as backup for a
higher—-accuracy independent attitude measurement system such as SIMS.

For GCP positioning, such a capability would be of some limited useful-~
ness in establishing initial absolute image locations, This would be of
benefit when analyzing images from those areas of the world without suit-
able maps or other data from which to select GCP.

Attitude Error Rate and Acceleration

The baseline ACS specification defines dynamic attitude
behavior with a single parameter of 0.05 degree per second maximum rate
of change in any axis. This figure was chosen primarily to ensure that
minimal overlap or underlap (less than one-fourth IFOV) between scan
swaths would cccur with the Thematic Mapper. There may be ACS designs
with which improved positional accuracy for images could be attained by
increasing the maximum allowable rate, If so, it is important to know
exactly what rates are associated with what amount of over- or underlap.
This relatiomship is summarized in Figure 4-2. The EQS altitude of 980
km has been assumed. Then the allowable rate depends only upon (1) the
number of scan lines in a single scan swath, and (2) the fraction of a
single IFOV allowed for overlap or underlap. As the figure shows, the
present maximum rate is well within the limitations of six scan lines
per swath and one-fourth IFOV lap.

ACS accelerations are not specified for EOS, and are of
no concern for image continuity. However, in reference (23) a maximum
value of 0.0114 degree/sec? is assumed., Acceleration durations are
very short since the reaction wheels are acted upon by impulsive torques.
Thus, the acceleration behavior over several seconds still is not
specified.

The horizon-sensor/reaction-wheel ACS is basically of the
type used for ERTS, with twe maln exceptions, The maximum attitude rate
has been reduced by a factor of ten from ERTS. Three-axis gyvros will be
used for EO0S, unlike the single gyro used with ERTS for roll/yaw con-
version, Maximum accelerations are specified based on the maximum cor-
recting torque applied to the inertia reaction wheels, When one of the
wheels has reached maximum angular velocity, it is "unloaded" with a
cold~gas impulse to nearly zero angular velocity. Based on experience
gained from previous operational satellites, the frequency of wheel un-
loading will be very low, perhaps once every few days. During the brief
time required for wheel unloading, the attitude rates are much greater
than the operational maximum given above., Any EOS image data obtained
during this time will not be usable, and it will be very difficult to

4-8



0.1

0.05— 1
vy IFOV ALLOWED LAP

/1— IFOV

10 aLLOwED
LAP

EOS BASELINE

ALLOWABLE ATTITUDE RATE, DEGREES PER SECOND

BASELINE SPEC.

P51-367-3

ittt | —
1
0-0 r l
1 3 10
SCAN LINES PER SCAN SWATH
_—

Figure 4-2 — Maximum Attitude Rate for Imager Considerations

accurately position the individual image frame collected over the 30
seconds during which unloading occurs. As a consequence, it is quite
desirable that unloading not ocecur during imaging.

4,2,2 Image-FPositioning Attitude Requirements

The influences of the ACS on image continuity are widely
recognized and, as seen from Section 4.2,1, have been adequately addres—
sed by the EOS specifications (1). Unfortunately, the influences of
the ACS on image positioning methods apparently have not been recognized;
this subject is ignored in the specifications. ACS design directly
delimits the positioning methods which can be used for EOS images. This
is an inescapable consequence of any orbital mission which uses any
imagers other than high-speed frame cameras, It is particularly import-—
ant when the image is acquired rather slowly, as is the case with the
EOS line scanmers which build up the image format over tens of seconds.

No single set of ACS requirements can be given for image
positioning, unless only a single positioning method is being considered.
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Such is not the case here. As a consequence, the costs, development
time, and success probability of the ACS design become an integral part
of the decision to be made on image positioning method. Several
examples will quickly illustrate this fact.

Consider first an ACS design which makes no allowance for
image positioning method, using only the requirements for image contin-
uity developed in Section 4.2,1, Any of several designs will do for
this case, Without any further conditions to be met, image positioning
immediately requires addition of an independent gyro package for inde-
pendent attitude angle measurement, and telemetry of the attitude values
frequently enough to supply attitude changes of 0.001 degree in pitch and
roll, (Yaw can be relaxed, if necessary, to several times this amount
of change.) For the present study, such an ACS design would immediately
eliminate method GCP-E from consideration, The only methods which
could be expected to satisfy such conditions are SIMS-E, SIMS-EG, and
GIMS-E~1. :

Next, consider the opposite extreme, a high—accuracy ACS.
This possibility has been discussed in Section 7.7.1 of reference (1).
Essentially, this control system would be operated by closing the loop
between a SIMS package and the control reaction wheels, There are sev-
eral factors which argue against this scheme.,® Disregarding these for
the moment, such an ACS concept would leave very little to be done by
either an auxiliary-sensor method or a GCP method, With attitude errors
always 0.001 degree or less per axis, independent attitude measurement
and telemetry would be needed on the spacecraft. An initial bias removal
of attitude-transfer errors after launch would be needed, repeated oc-
casionally during the operational 1life of the satellite. One image with
only two GCP would theoretically suffice for this task (in practice,
several more GCP probably would be used). The largest positioning error
then would be caused by the ephemeris data. The systematic component of
this error can be removed by positioning a single image with GCP on each
pass. These minimal techniques do not correspond exactly to any of the
5 methods considered in this study, although the instrumentation includes
some of the same components.

*The most significant probably is that users of EOS images do not need
such absolute angular accuracy during data collection., Another reason
is the inadequate accuracy, as given in reference (1): 175 meters is
quoted,which is completely inadequate for temporal registration of
images with 20-meter and 44-meter resolution elements, The onboard
computer required to convert inertial to local-vertical attitudes is
ancther difficulty with the concept in reliability, weight, and powex
requirements. The ephemeris developed by or transmitted to this com—
puter from the ground would of necessity be a predictive ephemeris for
real-time attitude control, with consequent lower accuracy than the
best-fit ephemeris gives for after-the-fact determinations.
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Between these extremes are a number of opportunities for
ACS design which, considered along with the possible image-positioning
methods, may well include the most cost-effective route for E0OS. For
all of these intermediates, the absolute attitude error amplitudes and
rates are of no concern, in themselves., The behavior of interest is given
by the time interval over which a straight line or second-order curve
can be best fit in a least-squares sense to the attitude errors in each
axis, with an rms error in the range 0.0005 to 0.001 degree per axis,
The time intervals of interest range from 30 seconds to several hours.
Obviously, the character of the error is important in this specification,
Random errors of relatively high frequency can be removed with an inde-
pendent gyro package used to measure short-term attitude errors., In
this way, the achlevable best-fit time intervals may be appreciably
lengthened. However, the gyro package may be incorporated directly in-
to the control loop of the ACS, in which case it no longer is an
optional positioning~-method component. As a consequence, it is recom-
mended that the inclusion or non-inclusion of a gyro package, and
whether it is a part of or independent from the ACS contrel loop, be
left to the ACS design group. For the different image positioning
methods, the time intervals and line-fittings of interest are as follows:

(1) 30 seconds, second-order (without gyro package)

{(2) 30 seconds, first~order (with and without gyro package)
(3) 5 minutes, first-order (with and without gyro package)
(4) 5 minutes, second~order (with and without gyro package)
(5) 10 minutes, first~order (with and without gyro package)

(6) 100 minutes, first-order or second-order (with or without
gyvro package)

(7) Several hours, first-order or second-order (with or without
gyro package)

There is probably little difficulty in an attitude system design which,
with an independent gyro package, could meet the specified rms error
requirements over 10 minutes, However, it is important in selecting
positioning methods to know whether the same requirements can be met
without the package, and what the costs would be. The intervals given
are associated with angle updates once for each image, once for each
landmass, and once for each orbital pass.

In summary, the image-positioning attitude requirements
for EOS differ from the image-continuity requirements in being concerned
with smeoothness of angular changes, rather than rates or amplitudes of
attitude angles, No single set of requirements can be made for the
ACS: requirements should properly be based upon system considerations
which include image positioning methods as well.
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4.2,3 Accurate Attitude Measurement by Auxiliary Sensors

Present plans call for accurate measurement {(0.001 to
0.003 degree) of EOS attitude to be performed by a technique which is
independent of the attitude control system, reference (1). Continuous
and highly accurate knowledge of attitude behavior is needed to properly
position the line-scanning HRPI and Thematic Mapper image daga. It is
possible that the ACS design could be such that quite smooth attitude
behavior could be assumed. 1In this case, as mentioned previously, ac-~
curate measurement need be made only infrequently. In the following dis-
cussion, however, it is assumed that continuous high—accurate attitude
measurement is needed. Gyros on the satellite would provide this data.
The information is not truly continuous, but the sampling and telemetry
interval can be made adequately small compared to the spacecraft attitude
response. For EQS, the 0O.l-second interval presently being considered
is more than adequate.

Gyros must be updated occasionally to correct for drift,
The frequency at which this update is required depends on the specific
gyro design and the configuration. References (23), (24), and (25)
give extensive consideration to gyro selection and configuration. This
information would have been of greater value in the present study if (1)
it had been available earlier in the program, and (2) the work described
had not been optimized gpecifically for the SIMS technique. The gyros
finally selected in reference (25) have performance matched to the
update~-frequency capability of the star-sensor.

Stellar-sensor and GCP methods are both candidates for use
in attitude update. The following comments apply to the star-sensor
method, GCP considerations are contained in Section 4.3.

Transformation of inertial attitudes to a local-vertical/
velocity-vector reference requires detailed knowledge of the earth's
orientation in inertial space and the location of the satellite with
respect to the earth ellipsecid of reference, Small errors in the former
reference frame result from polar motion and other effects., The errors
in the latter stem from ephemeris errors, discussed in the previous sec-
tion, and in accurately measuring the time of the stellar observations.
Ephemeris errors will likely be the most significant, Their effect in
positioning will be to replace the translational ephemeris errors by
equivalent attitude errors, Additional care and complexity are required
for the stellar~reference computations in defining the final image
location in the geodetic coordinates used for geographic point position-
ing, instead of the geocentric or reduced coordinates normally used with
satellite operations, The GCP method requires no such care on this
account; the observations used for positioning are supplied in geodetic’
coordinates,

Some additional cautions in transforming from inertial to
geodetic coordanates have been voiced by Schmid, reference (31), in con-
nection with a photogrammetric triangulation using stellar control.
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He found bias errors in his work which he ascribed to (1) lack of a
rigorous connection between elevation and the reference ellipsoid which
serves as the computational system for latitude-longitude determination,
and (2} the fact that the latitude-longitude and right ascension-declina-
tion systems are related only insofar as the primary axes of the two
systems are parallel to each other., Schmid removed the bias by allowing
an additional spatial rotation in his baseline orientation,

Some estimates of stellar sensor costs, weights, and power
requirements are given in reference (25). Power needs are very low;
weights range from 3 to 16 kg depending on whether the sensor is a star
mapper or star tracker, Page 6~29 of reference (25) comments on reli-
ability: '"None of the SIMS candidates has reached the development status
that will support a comprehensive, quantitative assessment of reli-
ability."

' The need for an accurate attitude-transfer device in con-
nection with an auxiliary attitude sensor has been commented on in Sec-
tion 3.4.1. Such a measurement is needed to relate attitude data ob-
tained by sensors which are independent of the image sensor. The reli-
ability, power, weight, and telemetry requirements for such a device
(or devices) probably could be designed to be quite satisfactory, but
no detailed thought appears to have been given to such design.

4.3  GROUND CONTROL POINTS

4.3.1 Background

One basic method of positioning images with respect to the
earth's surface is through the use of ground control points (GCP). The
terms landmark points or geometric ground-truth points also are sometimes
used for GCP. Such points are selected well-defined image details for
which the earth positions are known. Positioning an image with GCP
typically requires that several GCP be identified and measured on the
image. The measured image locations and known ground positions of these
points determine the geometric relationship of the entire image with
respect to the earth's surface. For the procedure to be effective with-
out requiring excessive GCP, internal sensor geometry must be well-
defined.

GCPhave been used for years in photogrammetric mapping
using aerial photographs, where the method is almoest universally applied.
(Photogrammetric methods are used for virtually all original map com—
pilation performed today.) The GCP used for this purpose typically must
be specially surveyed to achieve the high accuracies required.

The mathematical GCP positioning process for a single
photograph is called spatial resection, analogous to surveying resection
on the earth's surface. The unique position and attitude of the aerial
camera is determined as six orientation elements: three positional co-
ordinates and three rotations. No auxiliary data from any other sensors
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in the aircraft normally are used to determine these quantities, only
the GCP.

‘ Two separate equations can be written for each control
point, one for the measured x and one for the y image coordinate of the
point, The six unknown orientation elements appear in the same equa—
tions, along with the three positional coordinates of the control-point
on the earth. Thus, three GCP with their six equations are adequate to
solve for the six unknown orientation elements. Best accuracy is ob-
tained if the points are well distributed throughout the photo; the
solution is indeterminate if the GCP lie on a straight line. With the
gix orientation elements known, the ground~plane positions of all other
photo images also are known. (If height differences in the photographed
scene are a significant fraction of camera altitude, a two-photo tech-
nique is used, in which the Intersection of conjugate image rays uniquely
defines the ground position in all three coordinates. For satellite
images from narrow-angle, downward-looking sensors, relief effects are
small and potentially repeatable,)

In adapting the use of GCP from aerial photographs to the
ERTS satellite images, some differences were noted. First, GCP accuracy
for image positioning need not be nearly so high as that needed for con-
ventional mapping. As a result, it usually is possible to select GCP
from existing maps and other available sources without special field
survey work, A second difference is in the large number of GCP poten-
tially available for use, with the result that extra GCP can be used in
the spatial resection. There are several advantages in using redundant
data; these will be discussed later. A third difference is in the use
of electronic image correlation to match GCP against a master image.
Other implementation changes from usual mapping practice were incorpor-—
ated. Finally, some form of auxiliary attitude-change information was
recognized as desirable for positioning the ERTS MSS (scanner} images
acquired. All of these differences apply to E0S8 as well,

The great advantage of ground control points for position-
ing is the elimination or great reduction in the reliance that must be
placed on externally derived location and attitude data. In addition
to the resulting economy and reliability increases that follow, the use
of GCP usually results in higher positioning accuracy than can be at-
tained using auxiliary data. As image resolution increases, the posi-
tioning accuracy typically increases accordingly,

Use of GCP has disadvantages. The major ome is in imple-
mentation in what otherwise may be a more or less completely automatic
processing scheme. For high-production programs with many images to be
processed, Implementation must be given careful consideration. Equip-
ment must be selected to assist a trained specialist in GCP selection
and accurate measurement, in as efficient a way as possible. However,
although equipment and procedures are important, proper personnel are
vital. Control-point selection requires a high degree of self-motivation
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and job satisfaction, akin to mapping and some kinds of photo interpre-
tation, It is not difficult to find people with these characteristics,
provided the right kind of people are sought.

The main difficulty with GCP is in identification. Im
aerial photogrammetric practice, misidentification is the greatest prob-
lem associated with GCP, Work with space images cannot be expected to
be immune from the same difficulty. The use of well-trained responsible
personnel is the most effective way of minimizing the problem, but tech-—
nology can be of considerably assistance as well; once the initial GCP
selection has been made, automatic image correlation methods can be
used to perform subsequent matching operations. Using extra GCP also
helps greatly in detecting misidentified GCP. Initial results with
ERTS-1 images indicate that these techniques work very well in reducing
the incidence and effects of misidentified GCP.

4.3.2  Accuracy
The accuracy of positioning with spatial resection depends
upon five main factors:

(1) Ground coordinate accuracy
{(2) Pointing precision

(3) 1Image adjacency effects
(4) 1Internal sensor geometry
(5) Effective redundancy

The equipment errors associated with measuring image~detail location and
producing the image to be measured are not treated here, since they con-
cern implementation, not basic limitations. The other five factorg are

discussed in the following paragraphs.

Ground Coordinate Accuracy

Absolute and relative accuracy are important distinctions
here, Absolute positional accuracy of the coordinates is defined with
respect to the earth ellipsoid of reference. Elevation normally is
taken as distance above sea level, although this differs from the refer-
ence ellipsoid by the separation between geoid and ellipsoid. Relative
accuracy means that introduction of some bias into the absolute coordi-~
nates 1s permissible; repeatability is the important thing.

U. 5. National Map Accuracy Standards require that the
abscolute positional accuracy of well-defined map features be within cer-
tain limits, These limits are equivalent to 0.3 mm rms at map scale,

GCP for EOS should be selected from the standard U, S. map scales of
1/24,000, 1/50,000 (Alaska only), and 1/62,500. Additional high-accuracy
positional information is available on highway structures and airfield
runways. Some of the regular survey points in the second- and third-order

4-15



geodetic networks of the country lie at or are sufficiently close to
features which can be identified on satellite images. In general, con-
trol-point accuracy need not be a problem, at least for positioning
images in the U. 5. or other nations with adequate surveying and carto-
graphic activity. If smaller—scale maps are used for control-point
selection, inaccuracies in the plotted map positions may significantly
affect the final absolute position accuracy. But for many applications
absolute position accuracy is less important than the repeatability
needed for temporal registration. If the same GCP are used to positiom
subsequent images of the same earth scene, the ground position errors
will affect all images alike and good temporal registration will be
achieved. Of course, it may not always be possible to use exactly the
.same GCP every time, because of cloud cover and seasonal changes. In
this case, only that part of the ground coordinate error which is com-
mon to all GCP in the area can be ignored. One way of overcoming this
problem and ensuring repeatability is some form of control intensifica-
tion. The best available GCP are used to position the first image ob~
tained of an earth scene. Auxiliary GCP then can be selected from this
image to use in positioning subsequent images., Absclute accuracy will
be no better than —- in fact, not quite as good as ~— that of the first
image, but temporal registration will be excellent.

Pointing Precision

When measuring the image location of a GCP, some form of
measuring mark or cursor must be placed directly over the image detail
which is to be used as the control point. This mark placement is called
pointing.

Two kinds of pointing can be considered. The first is
called descriptive peointing here, and occurs when a GCP is originally
selected. Usually some written or graphic description of the GCP refer~
ences the pointing operation., Pointing is done manually in this case,
using optimum image illumination and magnification, together with the
measuring mark of best shape and size, If the same GCP is used again
on later images of the same earth scene, descriptive pointing may be
repeated in the same way used initially. If possible, however, it is
more efficient, reliable, and usually more accurate to use the second
kind of pointing, called here image matching or correlative pointing.
This is done by binocularly comparing two images. One is the new image
in which the GCP is to be pointed; the other is a master image on which
the GCP has previously been precisely located using descriptive pointing.
Special optical devices may be needed for the image matching process to
allow one or both of the images being viewed to be rotated and scaled s0
as to permit binocular superimposition, Imape matching can be done auto-
matically as well, using digital or analog image correlation techniques
and appropriate equipment, The accuracies and times required to carry
out pointing with such methods vary widely, depending on many factors.
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The ability to precisely point at the correct image de=-
tail is affected by image quality, the type of mark used, and the ability
to make fine adjustments to the mark. The latter two matters are con-
siderations in equipment design and need not concern us here. Image
quality is important. Several investigators, references (15, 14), have
tried to quantize what is intuitively obvious: the higher the image
quality the more precisely can one point to a selected image detail.

In general, it is possible to center a measuring mark on a symmetric
target within one to five percent of the target size. This ability de-
pends upon the type, size, and contrast of the measuring mark and target,
as well as such other factors as illumination and granularity in the
displayed image.

From a limited amount of experilence with ERTS images and
photos from the Apollo 9 S065 experiment, it appears that when GCP are
used which are asymmetric and poorly defined in the image, pointing
error may be the principal factor in overall positioning error. As
examples of this hypothesis the center of a nearly circular lake is bet-
ter as a GCP than a peninsula extending into the lake; the center of a
small regularly shaped island in the lake is still better, Similarly,
the X intersection of two roads is better for pointing than a bend or
corner in a road pattern. A Y intersection of two streams is a better
GCP than a loop in a stream. Additional work is needed to confirm or
refute this hypothesis, as well as on several other aspects of pointing
to satellite images displayed in raster form.

The precision of descriptive pointing does not appear to
have been explored for raster images, Thus, it is difficult to develop
the errors associated with this process. The matter is further compli-
cated by the quality of the ERTS5-1 images, which has exceeded all pre-
launch estimates, An extremely limited amount of data obtained from the
ERTS MSS images indicates a standard deviation in pointing precision of
about 20 m, or about cone-fourth the IFOV. The Thematic Mapper then
should give a precision of 11 m, and the HRPI 5 m. In iight of the un-~
certainty in this value, a range of 10-20 m will be assumed here for the
EOS precision, )

Image Adjacency Effects

Some images are created using processes and materials which
alter the position of a light-dark edge; photographic film is an example
of a medium which exhibits these undesirable adjacency effects, refer-
ence (16). When it is necessary to measure GCP from such a displayed
image, control points should be selected with special preference for
symmetrical details, or at least details with low density difference
from their background, in order to minimize the metric effects of edge
migrations.
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Internal Sensor Geometry

Spatial resection uses some mathematical model to repre-
gent the internal geometry of the image sensor. To a greater or lesser
extent, this model errs in its representation, and so introduces image~
location errors, For GCP, these errors adversely affect resection
accuracy, resulting in positional inaccuracies for the image as a whole.
Any image detail not used as a GCP also has an additional error associ-
ated with the internal sensor geometry error at that particular point.

For line scanners, the motion of the scanner platform
provides the second dimension of the two~dimensional scanner image., To
this extent, the descriptlon of the platform position and attitude as
functions of time can be considered as vital parts of the scanner-image
internal geometry. TFor a scanner on an orbiting satellite the platform—
position changes can be modeled quite accurately as functions of time
over arcs of hundreds of kilometers. For attitude behavior of the satel-
lite, three courses are open: control the attitude precisely and con-
tinuously with respect to the local vertical so that modeling is extremely
simple and needs no spacecraft data; design the spacecraft attitude con-
trol system such that attitude changes are suitably slow and regular as
functions of time; or use telemetered changes in attitude over the
imaging arc as auxiliary data in the spatial resection. These alterna-
tives were discussed in Section 4.2. For any of these methods, the
limitations on scanner internal geometry are those placed by the magni-
tudes of high-frequency attitude changes, for which no information is
obtainable. The second alternative is particularly attractive. Lf the
spacecraft control response to a disturbing torque is such that attitudes
can change only slowly over the imaging arc, first- or second-degree
attitude changes can be carried as additional spatial resection unknowns.,
A few more GCP then provide adequate observational data to determine
these unknowns. This attitude control method results in the same virtue
of the first method above: no need for auxiliary spacecraft data.

Effective Redundancy

I1f more than the minimum number of GCP are used in a
spatial resection, a least-squares solution is used to determine the
unknown orientation elements. By reducing the random effects of the four
error causes discussed above, positioning accuracy of the image as a
whole is statistically improved in accordance with the number of GCP
and their locations within the image. The use of redundant contrel
points has several operational advantages in addition to overall ac-
curacy improvement. First, self-checking: the least=-squares solution
gives several accuracy indicators. These result from the residuals.

(A residual is the distance of each measured GCP location from the best~
fitting math-model location, as determined by the least—-sguares solution.)
The residual for a single control point provides an accuracy indicator
for that point, particularly useful in detecting misidentified GCP.

Also, standard deviation of all residuals can be used as an overall

4-18



positioning quality indicator for each individual image. This is use-
ful as a single-number value index. Residuals also are helpful in long-
range analyses of operator ability, equipment performance, and sensor
calibration, to name some additional applications.

The GCP's used for satellite images are not specially sur-
veyed points, but selected map points., Thus the cost per point is very
low, making redundancy more attractive than is the case for normal
aerial photomapping. For maximum benefit, the GCP should be selected
in particular image areas. In general, the best image areas are those
which (a) allow uniform GCP distribution within the image, and (b) are
located in image areas of greatest sensitivity to orientation-element
errors. In general, greatest sensitivity is found at the corners and
edges of the images, where yaw and altitude changes have their maximum
effects, If the GCP placement does not cover a large portion of the
image, positioning accuracy will be lost,

A mathematical analysis can be performed to show the re-
dundancy advantage for any number and distribution of GCP. Such an
analysis was done for the RBV (17) and MSS (18) ERTS images, based upon
earlier work carried out during the ERTS Phase B/C study, reference (19).
Figure 4-3, taken from reference (19), shows the decrease in relative
positioning error associated with the placement of GCP in the image and
the number of GCP used.
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. Figure 4-3 - Example of Decrease in Positioning Error with Increasing
Image Coverage and Numbers of GCP, Taken from Reference (19)
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Additional analysis along these lines was carried out
during the present study. Of interest was the eiffect of an increase in
the number of unknown attitude parameters om the accuracy of the spatial
resection. The method is described in reference (19). Several differ-
ent GCP configurations were considered in the analysis, which neglected
gome minor effects. The results are summarized in Table 4-2, Maximum
array size used for the GCP was 146 km square (Case 2 in Figure 4-3).
The table shows that a requirement to determine mean attitude angles,
rates, and accelerations with GCP need not degrade results significantly
from a determination of angles and rates alone. The number in the body
of the table represents a multiplier to be applied to the standard error
of unit weight for a single GCP image point. The multiplied value be-
comes the rms positioning error as a result of the spatial resection,
The values range from about 0.35 for an angle-only solution, (three
unknowns) to about 0.60 when angles, mean rates, and mean accelerations
(nine unknowns) must be found. The results of the analysis accrue to
the advantage of method GCP-E, and place in sharper focus the need for
an ACS with predictably smooth behavior characteristics.

4.3.3 Applications

The GCP positioning method can be adapted for many differ-
ent applications. Some of the applications discussed in this section
are common in aerial photogrammetric practice. Others are of interest
primarily to multi-sensor satellite programs.

Perhaps the most obvious application of the GCP method
might appear to be as an independent check on attitude (determined from
other spacecraft sensors) and position (taken from the spacecraft ephe-
meris, itself determined by tracking the satellite). This is not neces-
sarily a valid application. In general, the wider the image-sensor
field of view, the better determined are the six orientation elements.
For downward-locking narrow—-angle images, such as the ERTS RBV and MSS,
it is not possible to isolate the effects of pitch from aleng-track
translation. The effects of a change in either orlentation element on
the image are virtually identical. The same is true of roll and across-
track translation., Such a lack of determinacy does not affect the
accuracy with which images can be positioned with respect to the earth,
only the accuracy in isolating the two parameter pairs which are highly
correlated,

The correlation between orientation elements can be used
to some advantage for EOS images, as is being done for the ERTS program.
The satellite ephemeris gives along-track and across—track position to
within 100 m rms for the ERTS-1 satellite. By considering the ephemeris
along-track and across-track values to be errorless, the spatial re-
gection computation can use two fewer unknowns, In this way the degrees
of freedom are increased for a given GCP redundancy, resulting in a
formal improvement in the statistical positioning quality. The small
errors that are actually present in the ephemeris positions are
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Table 4-2 - Relative Position Error After Thematic-Mapper Spatial
Résection, Using Different Error Models

Number of Unknowns

GCP Configuration

.o l. - L] . L L J - .l '- [ ] L X ]
9 pts 10 pts
8 pts e 8 pts - . . e 10 pts o 10 pts .
.. u. [} - . -* . L "o .. L] LN ]
3, Angles only D.41 0.42 0.41 .38 0.36 0.38
6, Angles and Mean Rates 0.53 0.59 0.58 0.49 0.50 0.61
9, Angles, Mean Rates, and * 0.60 0,58 * 0.31 0.61
Mean Acceleratious
{1.00 = Standard Error of Unit Weight for a Single GCP Observation)

*
Insufficient data using this configuration.
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—————
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compensated almost perfectly in the golution by slight increments in

the computed pitch and roll angles. The maximum error, dS, introduced
by this approximation occurs in the image corners of a framing sensor or
along the edges of a scanner. For a downward-looking framing imager,

dS is given by the usual photogrammetric differential, references (21,
22):

2 2
dS = 2> da = 2 gz
A 2

where

S = maximum ground-distance from the nadir which appears in the
image, = 130 km for EQS

spacecraft altitude, = 1,000 km for EOS

)

H
d8 = angle increment to correct for ephemeris error
dE = position error from ephemeris, = 20 m rms for EOS

so that dS is much less than one meter rms, Even a 200 m ephemeris error
would be acceptable, giving a maximum error of 3 meters.

As the image sensor is tilted farther away from the nadir,
the correlation between the angular and translational orientation
elements decreases in the direction of tilt. Even for an image rolled
30 degrees off the vertical, the ERIS resection technique —- carrying
ephemeris position fixed in the solution -- can be used for offset-
pointed EOS sensors as well,

The high correlation just discussed between angular and
positional errors is an example of an important characteristic of GCP
positioning: the composite nature of the results. Any error component
which has the same image displacement effect as an angular or positional
orientation element will be removed as a part of that orientation ele~
ment, For example, the yaw of the image sensor may be determined with
high accuracy, but without further information it is not possible to
separate the component caused by spacecraft yaw from that caused by yvaw
misalignment between the image sensor and the spacecraft yaw axis, Simi-
larly, changes in spacecraft altitude, camera focal length, film dimen-
sions, or voltage in the image-sensor power supply all may have the same
net effect in the image: a simple scale change. This compositing effect
has both advantages and disadvantages., On the one hand, it automatically
reduces the number of unknowns to only those necessary and sufficient
to position the image on the earth's surface. On the other, it requires
gome care when attempting to use GCP to isoclate a particular error com-
ponent. Nevertheless GCP are very useful in several special applications
of concern for EOS operations. Four of these are discussed here.
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Detailed Sensor Geometry

Assume that more than the minimum number of GCP are used
in a spatial resection., The image-coordinate residuals after the re-
section represent geometric errors which could not be compensated by the
spatial resection unknowns. Part of each residual is random, associated
with errors in pointing, ground-coordinate measurement, and some kinds
of internal sensor geometry. The other component is systematic, typi-
cally resulting from uncompensated sensor behavior. It is this syste-
matic component which shows the extent to which the mathematical model
being used for the imaging geometry is deficient. If .the random com—
ponents can be detected and removed from the residuals, the systematic
components remaining will show how the imaging geometry model should
be modified, Incorporating these changes will improve.the accuracy of
all subsequent spatial resections for that image sensor, providing the
systematic errors do not change.

The random effects of the GCP residuals are removed by
making an error anlysis which sums the effects of a great many residuals.
The random components (with the normal-distribution zero-mean conditions
which usually prevail) tend to cancel, and the systematic components
reinforce one another. Residuals may be accumulated from only one or a
few resections, each with many redundant GCP, or from the results of
many resections, each with only slight redundancy.

Examples of typical image-geometry errors detected in this
way include lens distortion effects in cameras and sweep-angle nonline-
arity in scanners. Sometimes the systematic errors are in the image
processing equipment, not the original sensor, and the corrections may
take the form of polynomial functions of the x and y image coordinates.
Analysis of residuals can be done graphically or computationally, If
computational, some a priori model usually is assumed for the error form,
although this may be revised in the course of the analysis.

Analysis of GCP residuals is a very powerful technique,
and can be expected to see much use in satellite image analysis. This
application is particularly useful for checking on slow changes in
sensor geometry, such as can be expected from the MSS scanner on the
ERTS satellires.

Alignment of Two Image Sensors

This application has already been used operatiomally with
the ERTS-1 RBV three-camera array to precisely measure the angular
alignment of the cameras. Such alignment accuracy was needed to produce
event-registered multi-spectral color composite images. For this appli-
cation, true GCP are not needed, only conjugate image details which are
sharply defined on both images being aligned. The measured locations
from one image serve as "ground coordinates,” and a modified spatial
resection provides the aligmnment of the second image sensor with respect
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to the first. For the ERTS application, the "red" RBV camera was the
reference to which the other twe were aligned.

This application of GCP positioning can give very accurate
results, since a great many common points -- 20 or more -- can be easily
located and used in the resection, and very small and sharp micro-details
can be selected which do not appear on any map.

Alignwent Between Image Sensor and
Auxiliary Attitude Sensor

This application of GCP is useful for several different
programs. A few examples are:

® Determination of initial alignment angles after launch

® Measurement of changing alignment angles caused by spacecraft
flexure or attitude-sensor drift

® Performance check on autocollimator or other device used to
enforce the attitude-transfer requirement

® Removal of initial bias component in gyros used as inertial
measurement devices.

For this kind of application the positional ephemeris error acts as an
error in the procedure. This is once again a consequence of the high
correlation between the pitch/along-track and roll/across-track orienta-
tion elements. The angular error, d6, as a result of ephemeris error,
dE, is simply d¢ = dE/H, where H is spacecraft altitude. With position
fixed at ephemeris values, the error from a single spatial resection
cannot be less than dé, For the EOS ephemeris, d6 will be about

20 m/1,000 km rms, or about 0.001 degree. Interestingly, the spatial
resection does not give the true local-vertical attitude with this
precision, but an attitude which is locally repeatable from the bias
errors in the ephemeris. The effective error in measuring angular
alignment can be reduced further by performing several spatial resec-
tions, selecting the locations in such a way that the ephemeris errors
can be taken as truly random. This may require some care, since it
was seen in Section 4.1.4 that ephemeris errors have an associated
periodicity.

Update of Gyro Drifts

This application is sufficiently important that it forms
the basis for one of the positioning methods being investigated in this
study. GCP can be used for this purpose. Problems can occur if it is
necessary to update the gyro data at some regular time interval, Clouds
and irrepular land-mass distribution prevent any guarantee of control-
point acquisition at a desired interval, Also, the method loses much of
its attraction if it is necessary to perfotrm a GCP update simply to
provide smoothing-data continuity. To be of most benefit, an update
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should be necessary only when in the vicinity of a series of images for
which positioning is desired.

There are two cases where GCP may be advantageous for
providing gyro updates, The first would result from selection of gyros
with very low drifts., If a regular update is required only once every
several orbital passes, or only once per day, GCP could dependably pro-
vide the data at very low system cost. In assessing the gyro potential,
the work on gyro selection in references (24) and (25) would have been
more valuable to the present study had it not been so closely connected
with the SIMS concept, as mentioned in Section 4,2, Of considerably
more interest here is the selectiom of a gyro which requires the least
frequent update, even at some greater penalty in cost or weight,

The second case applies if it is necessary to use GCP
gyro vpdates only for those passes in which image data is to be posi-
tioned. Methods GIMS-E-2 and GIMS-E-3 in Section 2 are based on this
gsituation. One image may be positioned with GCP in the center of an
imaging sequence; the updated gyros at that point then would supply
attitude data in both directions along the arc. If extrapolation of
attitude data in this way is not possible, it may be feasible to use
two sets of update GCP at the ends of an image sequence, interpolating
attitude data between the resected end images. This interpolative
scheme is cutlined in Section 6.2 of reference (25) as feasible for one
particular gyro selection.

Any of the implementations discussed here has the virtue
of greatly reducing the number of GCP required to position EOS images,
for a given required accuracy. This is important, since the biggest
difficulty foreseen in applying a GCP-positioning method to EOS is in
implementation of the great number of descriptive and correlative points
required, However, more work is needed to properly assess the potential
for this application of GCP to positioning EOS images. In reference (25),
the potential advantages of the GIMS-E method "landmark~inertial" method
were recognized. But the existence of a considerably body of knowledge
based on "landmark" techniques is not recognized. This shows once again
the need for close contact between "landmark” and "inertial" disciplines.
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SECTION 5
ANALYSIS OF POSITIONING METHGODS

Section 5,1 provides an error analysis for each of the five
positioning methods defined in Section 2. The information developed
in previous sections was drawn upon for the numerical values attached
to each error contribution. Section 5.2 develops the significant
points of difference for the methods, and identifies the area in which
further work is needed to give a clear choice.

5.1 ERROR ANALYSIS

In all the analyses which follow, several simplifying assump-
tions have been made. The accuracy indicator of concern has heen de~
fined as the rms positional error in the Thematic Mapper image which is
not repeatable from one pass to the next, Errors introduced by film
printers or other data processing equipment have been ignored, as have
the effects of computational simplification and round-off, Mechanical
errors such as reference-mark mismatch also have been dignored for all
methods, Components for which no data are available have been esti~
mated; where uncertalnty exists, an effort was made to be liberal
for satellite~data accuracy and conservative for GCP accuracy.

Unce again, a cautionary note: the values below do not repre-
sent the entire error budgets,
5.1.1 Method SIMS-E

The component error contributions for method SIMS-E are
shown in Table 5-1. This completely satellite-data method uses ephem—
eris data for position, a gyro package for short-term attitude behavior,

Table 5-1 - BMS Positional Errors, Method SIMS-E

SIMS Attitu?e Determination: 0.001° each axis,
2

or 17 m 24 m

Attitude Transfer, Gyro Package to Imager:
0.00028° to 0.00056° each axis 7 - 24 m
Ephemeris Repeatability: 20 m
Internal Sensor Errors: 0.25 to 0.5 IFOV 11 - 22 m
Root Sum Square Error 34 = 41 m
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and a star sensor to be used occasionally to correct gyro drifts., The
error contributions show that there is no particular pacing error; to
that extent the system is well-balanced. The attitude-transfer esti-
mates assumed that some form of recording autocellimator is attached to
the different sensor packages. Internal Thematic Mapper geometric
errors are taken as one-fourth to one~half the IFOV, This value -- re-
peated in the other analyses —- represents the root sum square total

of detector misalignment, scan-wheel wobble, timing errors, and any
other effects which are not mathematically modeled in the solution and
are unlikely to be determined and calibrated out during the mission.

5.1.2 Method GCP-E

‘The component error contributions for method GCP-E are
shown in Table 5-2. This completely ground-control method uses approxi-
mate ephemeris data for position, and ground control points for all
other attitude errors needed to represent the spacecraft attitude be-
havior over a 30-second image frame., The computed attitudes also remove
the effects of ephemeris errors. The method alsc assumes the space-
craft attitude control system is functioning such that attitude be-
havior over 30 seconds can be represented by at wotst a second-order
curve in each axis, with deviations from this behavior of 0.001 degree
ms.

Table 5-2 - RMS Positional Errors, Method GCP-E

Spatial Resection: (0,51 - 0.61) (16 - 35 m) 8-21lm
Internal Sensor Errors: 11 - 22 m

Attitude Departure from Second Order Model:
0.001 degree each axis, or 17 m 1/5 24 m
Root Sum Square Error 28 -39 m

The error contribution from the spatial resection is de-
termined from (1) the standard error of unit weight in a GCP before the
resection, and (2) a multiplicative weight factor determined by the num-
ber and distribution of GCP within the image. The positional standard
error of unit weight is determined from the error contributions of
ground coordinates, descriptive pointing, and internal image geometry.
The effects of correlative pointing and equipment have not been included;
by proper design of the processing system, these effects can be made
beneath significance. The errors from ground coordinates are those as-
sociated with the selection of points from 1/24,000 and 1/62,500 maps.
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The descriptive pointing error was developed in Section 4.3, The stand-
ard error of unit weight, Hp, in a GCP before resection then is com-
" puted as:

From Ground Coordinates: (0.3 mm at map

scale, rms) 7-19m
From Descriptive Pointing: 10-20m
From Internal Sensor Errors 11 - 22 m
Root Sum Square = up 16 ~ 35 m

Note that it is not assumed here that the same GCP will always be used
for positioning successive images, (If this could be dome, the ground-
coordinate error contribution could be deleted from comsiderations.)

The weight factor with which to multiply Yp is taken
from Table 4-2 in Section 4 assuming that angles, rates, and accelera-
tions all must be determined for the image. Depending on GCP numbers
and distribution, the values range from 0.51 to 0.61 for the weight
factor.

5.1.3 Method SIMS-EG

The component error contributions for method SIMS-EG are
listed in Table 5-~3, This method incorporates occasional GCP to remove
ephemeris bias errors, together with the star-sensor and gyro attitude
measurement of method SIMS-E. It is assumed that the use of GCP will
also remove the attitude transfer error between the gyro package and
the imager. TFor this method, the spatial resection errors replace the
ephemeris errors. -

Table 5~3 ~ BMS Positonal Errors, Method SIMS-EG

SIMS Attitude Determination: 0.001° each axis 24 m

Residual Position Errors from Spatial :
Resection: : 8 -21mnm
Internal Sensor Errors: 11 - 22 m
Root Sum Square Error 28 =39 m

5.1.4 Method GIMS-E-1

The compenent error contributions for method GIMS~-E-1 are
listed in Table 5-4. This method incorporates a spacecraft gyro package
with method GCP-E. The gyros are needed if spacecraft attitude behavior



Tahle 5-4 - BMS Positional Errors, Method GIMS~E-1

Spatial Resection: (0.36 - 0.42) (16 - 35 m) 6 - 15m
Intemal Sensor Errors: 11 - 22 m

Gyro Errors: 0,.00028° to 0.00056° each axis
(one to two arc seconds) or ( 5 = 10 m) jfi' 7-14m
Root Sum Square Error 14 - 30 m

cannot be characterized to the precision required for GCP-E. For this
method, only the attitude angles must be found in the spatial resection
to update the gyro data. The multiplicative weight factor from Table

4-2 can be taken as 0.36 to 0,42. The same gyro performance will be
used here as was applied to methods SIMS-E and SIMS-EG. Attitude trans-
fer will be done as part of the spatial resection composite angle de-
termination, Error estimates for variations GIMS-E-2 and GIMS~E~3 canmnot
be included because of present uncertainty as to the effects of interpo-
lated and extrapolated gyro attitudes.

5 . l. 5 Method HIMS-E

The component error contributions for method HIMS-E are
listed in Table 5-5. This satellite-data method incorporates the
lower-accuracy attitude sensors associated with the attitude control
system, together with ephemeris data for position. One attitude-trans-
fer is shown for this method, reflecting the possibility that the hori-
zon sensor and gyros may be hard-mounted to the same structure, How-
ever, the attitude transfer between the control-system package and the

Table 5-5 - RMS Positional Errors, Method HIMS-E

Attitude Determination: 0.005 to 0.02° each

axis, (87 - 350 m) \/2 120 - 480 m
Attitude Transfer of Gyros to Imager: 0.0017°

each axis 70 m
Gyro Errors: 0.001° each axis 25 m
Ephemeris Repeatability: 20 m
Internal Sensor Errors 11 - 22 m

Root Sum Square Error 135 - 480 m



image sensor is taken as 0.0028 degree (ten arc seconds) instead of the
smaller values used for the other methods. It is unlikely an autocolli-
mator would be used with the HIMS~E method and as is seen in the table,
there would not be significant improvement using such a device. Finally,
the gyro performance is not assumed to be as high quality as for the
other methods above, again with little effect in the overall error.

Unlike the situation for the previous methods, method
HIMS-E shows an obvious pacing error component. The values for attitude
error assume some additional data processing to achieve these accuracies,

5.2 COMPARISON OF POSITIONING METHODS

The five positioning methods can be compared in many ways. Some
of the criteria mentioned in the previous sections of this report are
listed in Table 5-6. Even if the proper information were available,

Table 5-6 - Possible Comparison Criteria to Apply
to Different Positioning Methods

Acecuracy

Cost

*

Equipment Reliability
Speed

Impact on Spacecraft Weight and Power

Self-Checking Operation

Ability to Upgrade Accuracy During Mission Life

Personnel Requirements

U S B R U S Y FUSE SCR
-

Lead Time for Design

P~
[=]
.

Capability for Future Improvement

[
P
*

Monitoring Behavior of Other Equipment Components

=
o]

Constraints on Spacecraft Structural Configuration
and Component Placement

13. Attitude Control System Requirements
14, Computational Load of Ground Data Processing

15, Previous Experience

and it certainly is not, it would be futile to rank each of the methods
studied according to this or any other list of performance trades. The
weights to be attached to the criteria are missing; these can only be
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supplied by NASA, and only with consideration of all aspects of the EOS
program, Any method or methods recommended by BRL would be meaningless,
What can be done in the way of comparison is to attempt to draw together
the different characteristics of the different methods and summarize
them.

The five methods differ primarily in their reliance upon
the different potential information components given in Table 2-1, A
qualitative expression of this reliance,from zero to ten, is given in
Table 5-7. Also shown is the reliance upon the spacecraft attitude

Table 5-7 - Reliance of Positioning Methods
on Different Components

METHOD
COMPONENT SIMS-E| GCP-E| SIMS-EG|GIMS—~E-1 | GIMS~E=2| GIMS=E=-3|HIMS-E

GCP 0 10 5 10 10 10 0
Ephemeris (beyond

that needed for 10 0 5 0 3 5 10
tracking)

Gyro Package 10 0 10 5 10 10 10
Stellar Sensor 10 Q 5 0 0 0 0
Horizon Sensor 0 0 0 0 0 0 10
ACS 0 10 0 0 0 0 0

control system, which was used only for method GCP-E of those examined.
As the ACS designers respond to the requirements given in Section 4.2.12,
the methods of interest may have to be meodified accordingly. The inter-
mediate values result for those cases where only relative accuracy, low
error rate, or near-linear error rate is demanded, or where some back-
up is available in case of failure.




SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

The discussien in Section 4.2 on ACS design has shown that control-
System performance capabilities must be more extensively considered
before deciding on the recommended image-positioning method for EOS.
It 1s significant that, of the five methods selected for detailed
analysis, the most attractive from the cost—-accuracy aspects appear
to be those which impose some conditions on ACS or gyro-package per—
formance. The most important conclusion of this study thus is con-
sidered to be that ACS design must be considered as a part of the
image positioning problem for E0S, along with image sensor design and
ground image processing system design.

The second major comclusion applies only to the methods analyzed
in detail for EO0S. For these five methods, when all reasonable criteria
are considered, the use of ground control points shows either equality
or clear advantages over satellite~data methods in every area but one:
speed of ground data processing. Here there is not a clear disadvantage,
but a concern over the need for human decision-making in a high-produc-
tion data-processing environment. The hybrid positioning methods SIMS-
EG and GIMS-E~2 and -3 manifest this concern; the less frequent use of
GCP with these methods means less emphasis is placed on speed in the
manual operations and man-machine interface. The ability of the ACS
to provide smooth attitude data enters directly into this controversy.
The longer the interval needed between attitude updates, the more attrac-
tive the GCP method looks in comparison with a stellar sensor. The
efficiency of GCP selection and matching can only be evaluated for a
specific design implementation including equipment costs, personnel
requirements, training, and so on. Experience being gained with the
ERTS Frecision Processing Subsystem has heen and will continue to be
of value in assessing GCP problems and potential; some modifications
that would be of benefit for EOS have already been seen. Thus, the
second conclusion: with suitable efficiency for GCP selection and match-
ing activities during data processing, extensive reliance should be placed
on ground control points for positioning the images obtained for EOS and
similar programs. Part of this efficiency can be attained from implemen-
tation of the operations to be performed in the ground image processing.
ACS design can also contribute to the efficiency by requiring only infre-
quent GCP updates of attitude values. The extent to which auxiliary gyro
data are required follows from the attitude behavior characteristics in
the ACS design.

In addition to these major comclusions, a number of other findings
from the previous sections are summarized in the following list:
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6-2

Some GCP will always be needed in a satellite image program
requiring positioning or registration. Applications include
(a) measuring angular misalignment of image and attitude-
measurement sensor at intervals after launch, (b) monitoring
internal sensor geometry distortions, (c) measuring angular
bias in inertial attitude reference devices, and (d) periodi-
cally assessing overall positioning/registration accuracy.
These operations should not be done by an outside agency or
investigator, but as an operations-dedicated part of the pro-
cessing facility.

Offset pointing offers a potential for radically decreasing
the interval between EQS image collection for selected areas,
This capability should be implemented so¢ that pointing is
done by integral ground-swath stepover. These is no need

to effect extremely precise pointing; accurate measurement
of the pointing angle may be necessary, depending on the
image positioning method. Stationary pointing to a single
ground location is not needed. During and immediately after
any image~sensor offset pointing motions, no imaging should
occur for any high-resolution imager on the spacecraft until
transients have decayed suitably.

Reaction-wheel unloading should never be permitted during
imaging.

No special effort should be made before launch to boresight
the image and attitude sensors; a higher—-accuracy and more
meaningful determination can be made after launch using
GCP. The effort saved here should be spent on designing
adequate stability in the spacecraft structure to support
more dependable alignment of the various sensors.

To assist users of EOS images as much as possible, all film
images generated should as a minimum be corrected for all
known internal geometric error; to the extent practicable,
absolute positioning and registration are desirable.

The sole justification for including RBV cameras on any EOS
mission which includes either the Thematic Mapper or the
HRPI is in one particular failure mode of the attitude
contrel system. The RBV cameras will not improve Thematic
Mapper positional accuracy.

User agencies should be asked to define the extent of the
coveragge they will require, in addition to the ground resolu-
tion and frequency. When these indicate operationally impos-
sible amounts of information for processing, the users should
be so advised.



10.

11.

12.

i3.

‘Determined efforts should be made to better define the neces-

sary sensor IFOV for different ground resolution requirements;
the ERTS MSS is expected to be useful in this regard.

For image sensors requiring extensive digital or analog geo-
metric manipulation for other reasons, stability of internal
sensor geometry is of more concern than simplicity.

In evaluating image-sensor designs for satellites, the costs
for the geometric processing needed for the image data should
be one of the factors considered.

The need for attitude-transfer techniques, with comsequent
weight, power, telemetry, and reliability impact, should be
given more detailed consideration for high-accuracy image-
processing schemes involving auxiliary attitude sensors.

For satellitescarrying line-scanning imagers, smooth attitude
behavior is more important that high-accuracy verticality;
control-~system designs should more fully reflect this require-
ment.

An attitude control system with hlgh absolute accuracy is
not needed for EO0S.
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APPENDIX A
SIMULATION OF CONICAL SCAN GEOMETRY

I. A. Eppes

Al SENSOR DESCRIPTION AND CONFIGURATION

In an effort to examine the peometry of the conical scanner, a
simulation of its sensing operation was developed during this study.
The model was designed with as much flexibility as required ta adequately
explore various sensor-spacecraft configurations. For the purposes of
describing the geometry of the sensor, it was assumed ideal in that no
internal distortion was allowed, hence the simulation provided an external
geometric treatment of conical-scan sensors.

Figure A-1 illustrates the basic operatlon ‘of a conical scanner,
It is characterized by some cone angle Yo and active scan polar angle n.
Data is collected only during the period when the scanner is "looking"
at targets in the active scan region. This region is interrogated
sequentially in time by the stack of detectors within the sensor. Fig~
ure A-2 illustrates the track of the detectors in sensor coordinates as
one swath is.scanned. This figure is typical of.all but one of the seven
spectral bands. Six detector elements are shown, indicating a six line
scan swath. TFor the seventh (far-infrared) band, the resolution cells
are three times as large, hence each swath consists of only two scanning
detectors.

There are basically three sensor-spacecraft configurations:
(1) forward scanning, (2) aft scanning, and (3) eircular scanning.
Forward scanning involves mounting the sensor such that the central
axis of the cone lies in front of the spacecraft while the active scan
region passes directly under the spacecraft. Aft scanning is identical
to forward scanning except that the comne axis is now behind the space-
craft and the swath curvature is opposite. Circular scanning means that
the central axis of the cone passes through the nadir while the active
scan area is located behind the spacecraft. Data is collected by samp-
ling the output of the detector array at some rate that produces near
adjacency in the resolution elements. Since the rotational motion of
the scanner is constant, sampling is performed in terms of equal time
or equal polar angle increments. Each data point is stored with enough
binary bits to adequately represent the reflectivity of one instanta-
neous field of view (IFOV), the ground coverage of each data point being
determined by the IFOV which is a function of the imaging optics and the
physical size of the detector array. Data from each stack of six (two for
infrared) detectors, although obtained at essentially the same time, are
stored sequentially.
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Figure A-1 - Illustration of the Operatfion of the Conical Scanner
in Sensor Coordinates
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Figure A-2 - Orientation of Detector Array During One Swath



Because of the forward motion of the spacecraft, subsequent swaths
interrogate new areas on the ground. These data form the basis for the
final image which is composed of data from many differnt swaths. The
required image format is assumed to be 185 km by 185 km which at a nominal
equatorial altitude of 1000 km forces the scanner to have a cone angle of
13.23 degrees if the active polar angle is +24 degrees. For the purpose
of discussion, all specifications are based upon the use of a forward
scanning sensor-spacecraft configuration. With a detector element angu-
lar field of view of 44 urad square, each image consists of approximately
720 swaths. Correspondingly, each swath consists of about 4200 by 6 IFOVs.
In order to produce adjacency at swath center for a latitude of 30 degrees,
the sample period between stacks is 3.8 usec. Hence, the time required
to scan one swath is 0.032 second, and with a duty cycle of 80 percent,
the time between identical points in subsequent swaths is 0.04 second.

The following sections outline procedures whereby points in sensor
space or earth coordinates may be mapped from one to the other, For the
above-mentioned numerical data, examples of IFOV lay-out and swath struc—
ture are shown. In addition, latitude-longitude grids are mapped into
sensor coordinates. Section A.5 at the end of this appendix provides a
listing and operational explanation of the Fortran routines that were
used to generate the data.

A2 SENSOR~TO-EARTH DEVELOPMENT

This section describes the basic equations associated with trans-
ferring points in sensor space to their locations on the ground. Geo-
metrically, points in image or sensor space will be defined in terms
of some scanner polar angle and swath number, measured from some refer-
ence swath number, No attention is given to the problems of geometric
scanner distortion, detector array sampling, radiometric error due to
IFOV‘dlstortlon, or digital tape format, Hence, the problem entails
the projection of the IFOV of the scanner characterized by some swath
number, polar angle, and spacecraft locatlon to corresponding points on
the earth's ellipsoid. Because the numerical values of the sensor
parameters depend upon which sensor-spacecraft configuration is used,
the treatment was developed for an arbitrary system configuration.

For the purpose of this derivation, the conical scanner may be
thought of as emanating "rays" that vary in space as a function of time.
This convention in no way reflects an attempt to represent the physical
operation of the sensor. Figure A-3 illustrates the sensor coordinate
system where origination of the rays occurs. Based on the direction
cosines of the ray projected from the scanner, and since the scanmer
position and orientation at future times are known, the intersection of
that ray with the earth may be computed.

To achieve this end, however, the direction cosines must be trans-
formed through several coordinates systems beginning in sensor space and
ending in geocentric coordinates. The earth is assumed to be an ellipsoid
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Figure A-3 - Definition of Sensor Coordinate System

rotating at constant rate and with shape unperturbed by surface features.
The spacecraft position at time t is given in addition to the orbital
parameters necessary to define its location at any later time. Orienta-
tion elements (i.e., attitudes, attitude rates, and attitude accelera-
tions) are given at some reference swath center, and all values needed
prior to or after this time are calculated by extrapolating these values
and assuming them constant over the time frame of interest.

The development begins by defining the equation of the ray leaving
the conical scanner in sensor coordinates shown in Figure A-3. The equa-
tion of this line is

2 1/2
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The polar angle n may be expressed as a function of time by

n=2¢ (t-rt) (A-2)

where

n = polar angie'

C1 = rotational rate of scanner

t = time
t_ = time required to scan 1/2 swath
The sensor coordinate system (x, y, z) must be rotated to account for
spacecraft attitudes or built-in sensor offsets manlfested as attltudes.
The rotated coordinate system will be labelled (x', y', z') coupled to

sensor coordinates by a transformation matrix consisting of Eulerian
derived matrix elements, Hence

— r— -
% x!
y [=A]y' (a-3)
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where

A = transformation matrix
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where

¢ = pitch at some time t

Fat
il

yaw at some time t

w_ = roll at some time t

Two of the attitudes, roll and pitch, may be broken up into sepa-
rately derived components., The pitch may be considered as consisting
of a pitch offset and a space platform error. The pitch offset is used
to generate forward, aft, or circular scanning. The space platform error
is time-varying and may be expressed as a function of pitch at reference
swath center, pitch rate, and pitch acceleration. Likewise, roll may be
thought of as both offset and platform derived. The roll offset is used
to generate scanning of ground swaths to the right or left of the present
ground swath. The platform-derived roll iz, of coursge, identical in
nature to that of the pitch component. Consequently, the angles neces-
sary to compute the transformation matrix of (A-3) are

d)e = ¢t + Bo
W, = W + 80 (A~d)
Ke = Ky
where
o= 0 +6 (L-t) +2s (t-t)?
t o t o] 2 't o

_ . 1= 2
W, =0y + w, {t - to) +-§ e (¢ - to)

. 1 2
e v:0+.<t (t-t0)+§-|<t (t-to)

7
4

rt
fl

time required to scan 1/2 swath

rt
it

time when platform attitudes are required

-
]

pitch at time t = tO

piteh rate at time t = to



$, = pitch acceleration at time t = to

t
w = roll at time t = t
0 ‘ o
@, = roll rate at time £t = t

t o

; = rol% acceleration at time t = t,
K= yawiati;ime t = t,

K, = yaerafe at time t = to‘
x_ = yaw acceleration at time t = t

¢, = platform piteh at t

w_ = platform roll at t

t
ke = platform yaw at t

Bo = pitch offset of sensor
eo = roll offset of sensor

w_ = total roll at t
¢ = total pitch at t

k_ = total yaw at t

Substituting the transformation of (A-4) into (A-3) and rearranging
terms yields ' ‘ '

¢y x' = c, y' = C, z! (A-5)
with
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N B' | [ AT c'
bl 23] lagy 8y,
{ - BY AT ct ~ AT



%22 %12\ (%32 %12
o | B AT [T v
2 33 3813/ |33 - 93
N ¢Y T TAY
- .
833 P23 %23 %13)
L\ ¢! B _ B! AT
#32 %22 %22 %12
L\7em T TR B ¥
C3 = Cl T a a a a
21 %n 11 221 ]
A N
232 %32 822 212
o\ BY B' ~ TA'
where
a,, = element of A corresponding to the i'th row and the

i3

j'th column

A', B', C' = direction cosines of line in sensor coordinates
defined by (A-1)

The rotated (x', y', 2') coordinate system must be translated to
an earth-based system (%a, Ve, 2po). The system{x', y', z') is defined
as one whose z' axis coincides with a perpendicular from the earth's
ellipsoid, Since (Xg, Yes 2Ze) will be defined as a system tangent to the
ellipsoid at the origination of the perpendicular, (x', y', z') and(xe,
Ye, 2e) are related by

' = x y' = Ve z' =2 -H {(A-6)

where

Hse = gpacecraft altitude measured along perpendicular to ellipsoid

Figure A-4 illustrates the mext transformation, that is, from local
(%es Ye» Zg) to geocentric (U, V, W) coordinates. The U-axis coincides
with the meridional plane associated with the spacecraft longitude at
time t. The origin of the (U, V, W) system is located at the center of
the ellipsoid. The (Xe, Ves Ze) and (U, V, W) systems are related by
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instantaneous heading or azimuth of spacecraft measured from

the south.

latitude of spacecraft measured at origin of local coordinate
system (xe, Var ze)

E cos @
se

2
E (1 -~ &%) sin @se

u
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Figure A-4 ~ Transformation Between Geocentric and Local Coordinates



yields

where

A-10

2 2 1/2
E =28 cos ¢ l -4 sin ¢
se se

e = eccentricity of the earth

a2 = gsemi-major axis of the earth

Substituting (A-6) and (A~7) into (A-5) and rearranging terms

RyU+R, =Ry V+R, =R W+E
(1'A2)(1"A3)
R =f = |- ==
g, - T, C, - T,
(Dl )(D )
R, = —— |- [ ——
€y =G Cy =G
R, = 2=t ) - 2e
€= G C;3=-¢
(Dz )<D )
R, = |—2—|-[—2—
C, -G C3~ ¢
P- - - - —
B, - B By =B/ _
B =R P T3 T
(A1'A2) (A1'A3)
|\5, -5 B, - B/
__ - -
Dy =Dy Dy = Dy
B, -8/ \"7 %
Rg = Ry —=——2—— ——— = 43,
(Al_AZ) (Al"Aa)
B, - B B, - B
| \By = By 3" 8/
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A = R = = D
1 %6 By By =G by, € = G Pyg Dy = =6y (byy U, + by W)
Ay = Gy by By =G, by €y = Cy byg Dy = =€y (byy Uy + byy W)
Ay = Cq by By = C3 by, Cy = C3bg3 Dy ==Cyibyy U +byy W +H_)
b,, = element from the i’th row and j'th-column of the
] transformation matrix of (A-7)
Cy» Cz, C3 = coefficients associated with (A-5)

Rewriting (A~8) in parametric form gives

1
U E—(R5W+R—R

)
1 2

6

V = %—‘(R W+ R -R

3

The equation of the ellipsoid is

where

]

a = gemi-major axis of the earth

b semi-minor axis of the earth

L]

Since the equation of the line projected from the
by (A-9), and the equation of the ellipsoid is given by
section of the two may be computed. Substituting (A~9)
solving for W gives

' (4-9)

-(A-10)

sensor is given
(A-10), the inter-
into (A-10) and

A-11
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In general, two values of W, will be found; only one is of interest,
Since that point is the one directly beneath or in the neighborhood of
the sensor, the value of W which is positive in sign will be selected.
This forces calculations to be dore only in the northern hemisphere for
the present mode. A small modification would allow operation over the
entire ellipscid.

Using (A-9), U, and V, may be calculated; thus the point of inter-
section at time t in geocentric coordinates is known., If terrain height
variations are ignored, the latitude and longitude of the point are
gilven by

VD
o (a-12)

¢ = sin

A-12



In order to express the point in some tangent-plane coordinate
system (Xa, Ye, Za), (A-7) may be used. The values used for tges L
Oge Must be the same for all points to be expressed in that system,
The above values are usually chosen as those corresponding to reference
swath center. In any event, the transformation of points in sensor
space to their locations on the ground is now complete if all matrix
elements are known at time t,

se

To evaluate the transformation equations presented above, it is
required that spacecraft latitude and longitude be known at all times.
They are given at some initial reference point, and the orbital equa-
tions may be used te extrapolate those values to some other time. Fig-
ure A-5 is a diagram of the orbital motion of the spacecraft in two
coordinate systems. It is seen that the orbit is retrograde with the
sensor imaging during the descending mode. If the orbit is assumed
circular, the orbital angle will vary linearly with time. The orbital
angle is taken here as that angle subtended by two lines passing through
the center of the earth (also the orbital center). One line passes
through the terminator, or point of maximum latitude. The other passes
through the spacecraft position at time t. The orbital angle may be
expressed as

v
= g! 4+ B - -
8 pr + Ro (t to) (A-13)

where
8' = orbital angle at reference swath center
Vo = tangential velocity of spacecraft
Ro = radius of gpacecraft orbit
t = time when 6 1s desired
t, = time required to scan 1/2 swath

The longitude of the spacecraft at time t is then

— ] - ) -
L _= L.t ¢, (£ tD) + 'Lse (A-14)
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Figure A-5 - Configuration of Spacecraft Orbit

where
- )

L‘ = tan l [...E-a;ll__—_]

se gin o

seo

Co = earth rotation rate
Lseo = longitude of spacecraft at reference point
®oao - inclination of orbit measured from the poles

Because of the transcendental nature of the equations, %gg and Hge cannot
be computed directly and must be found iteratively, Nevertheless, con-
vergence is rapid and excellent accuracy is attainable., Inserting some
nominal value for Hge, ¥ge 1s estimated by

1 fa~ +a i cos 8 cos o
1 50

(A-15)
b+ a H [:sin2 8 + 0052 3] sin2 o ]1/2
se 8e0

A-14



A new value of Hse is computed from

R cos 9 cos o 2
g =0 seo _ a {(l1-¢e7) (A~16)
se sin Qse [l _ e2 sin2 @se]l/2

If the increment in Hge from the previous value is excessive (>1 meter),
a return to (A-15) is in order and a new %ge is generated., This process
continues until the increment in Hgye 1is acceptable,

The only remaining quantity required in the transformation equa-
tions is the spacecraft heading Oge. This is computed as the dot product
of two unit vectors tangent to the ellipsoid at spacecraft nadir at time
t. One vector denoctes the velocity neglecting earth rotation while the
other lies in the meridional plane or ITongitudinal plane of that point
and is tangent to the ellipsoid.

The velocity vector components In the coordinate system shown in
Figure A-5 are

v

JE Y 8cpse
X = cos @Se sin ¢ 3;~+ E cos @Se cos Y 5t " E sin ¥ sin @Se oy
- od
_ 3E By . se
yt = Co8 Qse cos ¥ E cos Qse sin ¥ DE E cos ¥ gin @Se e
o0
_ 2 JE se
z, = (1 -e7) sin Qse St + E cos @Se Bt
where
2 aQse
3E a ¢ sin ®S cos Qse 5t
ot [1 - e 51n2 o ]1/2
se
3y _ 22 gin o o
ot R 2
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Cl1 =Cc22 =1

R cos 0 cos o cos ® a (1 - ez) e3 sin © cos &
5e0 se se

se

[+]
cl2 = +
sin2 @ [l - e2 sin2 & ]1/2
ge se
__ 1 a (a - b%)
C21l = 5 T 2 >
1 + URG (b + aH ]
se
RO gin 9 cos aseo
€13 = - sin 0
se
2 ,
a +al cos o sin ©
c23 = ge | 1 . se0
b2 +aH 1+ URG2 [sin2 8 + 0052 4] s‘in2 a ]3/2
ae seo
P .
a 4+ a il coe © cos o
URG = se | ‘ seo

b2 +aH [sin2 6 + c052 6 sin2 o ]1/2
se seo

The meridional vector components may be expressed as

x = =CCl » CC2 + sin ¢
i

Yo © -CCl » CC2 + cos VY
z2_ = =CC2

i

where

2
z

a
cCL = - b2 % 8in ¥ + v cos VY
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CCZ - ——— e
[1 + cc12]1/2
X = E cos ¢ sin ¢
se
¥y = E cos ¢se cos
z=E (1 - e2) gin @
se

cos 8 sin o
seo

= tan_l [ sin § ]

a
[1 - e2 sin2 & ]1/2
se

=
%

The above components are not normalized to unity; hence the dot product
of the two vectors has to be divided by the two vector lengths. The
azimuth is then expressed as

-1 o B¢ PV Y 2, 2L

se 2 2 2 2 2 2\1 1/2
[(xm + Yy + z, ] {xt + Ve + zt )]

Figure A-6 is a plot of azimuth (although it includes earth rotation) as
a function of latitude. Consequently, given some time t measured from
the beginning of some reference swath,. the orientation elements at that
swath center, and the spacecraft position at that swath center, the pro-
jection of the line corresponding to the IFOV of the scanner at that
instant on the ground may be computed.

The only additional requirement analytically is providing a means
of projecting all four corners of the (assumed square) IFOV for a given
resolution element size and sample interval. That is, the input to the
projection equations will be a lateral resolution element number and a
corner number for the six-element detector array. Figure A-7 illustrates
the requirement of a new cone angle and polar angle as a function of
lateral resclution element number and IFOV corner number. It also es—
tablishes the numbering convention for the detector array corners. The
relationship between cone angle and polar angle changes for the case of
"longitudinal" incrementation (in the along-track dimension) is shown.
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A similar diagram could be drawn to show angular IFOV width in the tran-
sverse dimension. The relations between the cone and polar angle of
corners 1 and 3 are

i o5 in A
. sin Yo c n sin 1

= cos—l cos cos A, + -
Yo Yo 1 7 2 11/2
1l - cos nsin A

(A-17)

(A-18)

0 -

tan Yé
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The relationship between cormers 3 and 4 or 1 and 2 is

sin Yé sin né sin A,

A \ . _
= cos cos y! {cos 4, - .3 72 (A-19)
1l - sin no sin A2

tan v' cos 1!
Yo T

. -
= 0S8
"

tan Yi (4-20)

With respect to (A-l), the values substituted for vy, and n vary depending
on which corner of the stack is of interest. Equations (A-17) through
(A~20) represent only small changes in n and y, since 4] and Ay are the
angular dimensions of the detector array (typically 44 urad by 264 prad).
The input value of n for (A-17) or (A-19) is determined by the lateral
resclution element number while ¥, is always the cone angle.

A.3  EARTH-TO-SENSOR DEVELOPMENT

This section describes the equations and procedures assoclated with
mapping points from the ground te sensor coordinates., The objectives are
to determine (1) when a point was sensed, (2) after how many swaths from
some initial swath did this occur, (3) what is the lateral resolution
element number, and (4) what is the detector number within the array.

The position of the spacecraft is given for some time t = 0. The lati-
tude and longlitude of the point to be projected are known. The unknowns
mentioned above are determined using an iterative procedure whereby esti-
mates of spacecraft location at sensing time are generated. Based on the
errors in these estimates, new time increments are incorporated which
eventually produce convergence to the time when the point was sensed.

Initially, the location in sensor coordinates is computed for t = 0.
The transformation is performed using the given location of the space-
craft at that time. The point is transferred for two times, the beginning
and ending of the swath connected with the initial spacecraft position
shown in Figure A-8(a). Assuming a linear velocity in sensor coordinates,
the necessary number of swath Increments is calculated and the spacecraft
is advanced accordingly. This process continues with varying degrees of
refinement until the swath number where detection occurred is located.
At that point, the lateral resolution element number and detector number
are easily found by a successive iteration over some nominal range.
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To begin, the point of known latitude and longitude is expressed
in geocentric coordinates where the U axls passes through the meridional
plane corresponding to the spacecraft location at that time. Hence

=
]

E" cos ¢ cos (L. - L)
se

<3
Il

E" cos % sin (LSe - 1) (A~21)

W =E" (1 ~ ez) sin ¢

where

E" = a + H
[1 - e2 gin? o]l/?

a = semi-major axis of the earth
e = eccentricity of the earth

H = height of point above reference ellipsoid usually
zZero

L = longitude of spacecraft at time of interest
% = latitude of ground point
L = longitude of ground point
(U, V, W) =position of ground point in geocentric coordinates

p P B

A transformation identical to that of Figure A-4 which expresses the point
in local coordinates which are tangent to the ellipsoid at spacecraft
nadir may be written as

— \ (}- — j—\
}a;e_.| U;W Ux
Yo =G< vol-]o | (a-22)
Ze WP W&

. LL. d L
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where

— -
cos o sin ¢ -gin a -Ccos8 o cos ¢
se ge se se ge
G = sin o sin ¢ cos o -s5in a cos ©
se se se se se
cos & 0 8in ¢
se se ]
and
U =E cos @
X se
2 .
W =E (1L - e°) sin ¢
X se
a
E =
2
[1 - &% sin? @ ]17
se
Ue = instantaneous azimuth of spacecraft measured from

the south

(xe, Voo ze)= local coordinates components of the ground point.

A transformation must now be performed to arrive at a sensor-based
coordinate system, This is accomplished by translating the local system
by Hge (spacecraft altitude) and incorporating the Eulerian attitude ele-
ments,  Hence,

R P
x'1 - F-O
a
gt = B< vo [-] © ? (A-23)
z rrt z H
I (TR
L
where
cos ¢e cos Ke - sin ¢>e sin w, sin Ko cos q:e sin Ke + sin ¢e sin w, cos Ké ~sin q;e cos u,
E = -Cos U"e sin Ke cos w, cos Ke sin Wy
sin ¢>e cos K, + cos ¢e sin w, gin Ky sin ¢e sin Ke - cos ei)e sin w, cos Ke cos ¢e cos u
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H
se

spacecraft altitude along perpendicular
(x'"'", y''", z'"'"") = sensor coordinate system components

The Eulerian angles required in evaluating B are obtained by extrapo-
lating the orientation elements from the initial spacecraft location
as in (A-4). In addition ¢ge, Hges Lges and oge are computed in the
same way as in the previous section.

As previously stated, the ground point is projected for the begin-
ning and end of a swath where detection is suspected. To facilitate
handling in sensor coordinates, the values obtained by (A-23) are nor=-
malized in the z-direction. The two points found in sensor coordinates
appear separated in space and time. Since, in general, the initial
swath will not be the one in which detection occurred, some form of
swath incrementation using the above space and time separation must
be devised,

The normalized sensor coordinate plane of z = 1 18 divided into
five zones as shown in Figure A-8(b). Zone one will consist of all
areas where x > 0, Zone two will be that area where X < 0 and X > XMAX
where XMAX is the x-coordinate of the foremost portion of the active
scan area. It may be expressed as

IMAX = sin v_ cos n + del
o max

where
del = sin Yy~ sin (YO - Al)
Al = angular size of detector array in along-track direction
(Al = 6A2)
Y, = cone angle
Mnax = maximum polar angle (24 degrees)

If the initial transformation produces points which lie in zone 1,
the swath increment is computed assuming a linear velocity in sensor
coordinates. The swath Increment is such that the time advance it pro-
duces causes the points to lie in zone 2, The increment may be calcu-
lated from

No. Swath Increm., =
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where

2
vx = 2t :
to0 = time between identical points in subsequent swaths
t, = time required to scan 1/2 swath
xé" = sensor x-coordinate for point projected at the end of
the swath where detection is suspected
x1'" = sensor x-coordinate for point projected at the beginning

of the swath where detection is suspected

Because the velocity is not linear and the estimate of the velocity is
made over a small interval compared to the necessary 1ncrementat10n,

the point will not appear where it was predicted at the new times. How-
ever, the increment needed to place the point in region 2 is not critical
and over-incrementing by adding some fixed number of swaths to the cal-
culated value is desirable, Since the motion of the spacecraft is in

the +x'"' direction, the time increment will be positive, and the point
at the times will be closer to the active scan regiomn.

If the point is found to be in zone 2 either initially or because
of action taken by the above discussed procedure when zone 1 is en-—
‘countered, a different equation for swath incrementation is needed.

In thls tase the swath inecrement is

No, Swath Increm, = ————— " (A~24)

Since the estimate of the velocity is in error, care must be taken to
ensure that if the point tends toward a swath end, over-incrementation
does not force the spacecraft past the true sensing time. For this
reason, (A-24) is scaled to about 0.95. If this new time forces the
point to again lie in zone 2, a swath incrementation of 1 is suggested,
In this way, the point will not be passed over accidentally.

If the point is found in zone 3, a similar equation to the above
is used. In this case, the polar angle is estimated by projecting the
line connecting the two points and finding its intersection with the
foremost edge of the active scan area as shown in Figure A-8(a). The
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polar angle n is estimated using the above procedure, and the required
number of swath increments is '

No. Swath Increm, =

where

x_ = x-coerdinate of the point in the active scan area where
detection is susgpected, from Figure A-8(a).

To avoid over-incrementation, the above estimate is reduced by up to 3
swaths., Each time beyond this stage when the point projects into zone
3, the swath increment is made 1.

As soon as either the beginning or end of a swath falls within the
active scan area, the interswath mode is begun. The polar angle is
easily estimated by computing it from the average point projection which
corresponds to swath center., The lateral resclution element number is
then known. To ensure detectlon, these numbers are decreased and "stepped"
in equal time samples, Each time, the ground point is projected to sen-
sor coordinates. At this stage, the point is projected at only one time,
that time corresponding to the lateral resolution element number. At
each resolution stack, the point is checked to see If it lies in the re-
gion bounded by the é detectors. If not, the element number is Increased
by one (with a maximum search range of 20) and the above test is reap-
plied. Since it is possible to lie within the active scan area and not
be sensed during that swath, once the point is not detected using
resolution—element searching, the swath number is increased by 1, and
the above procedure is repeated, After three interswath mode attempts,
the point is assumed not to have heen sensed as a result of combined
yaw/earth-rotation. During this period, the point 1s also checked to
ensure that the y-ccordinate is within the bound of the active scan
region,

To facilitate overall procedure, all points found to lie behind
the spacecraft initially are forced into zone 2 by retreating the space-
craft sufficiently. This is done to prevent the need for equally elab-
orate convergence schemes for these points since convergence time could
not be decreased sufficiently, Once the point is placed in zone 2,
normal operation toward true detection time applying the procedure dis-
cussed above is resumed.

In general, the point will have been detected by this time, there-
fore the time from initial spacecraft location, the lateral resolution
element number, and the total number of swath increments are known. The
only remaining unknown parameter is the detector number, 1 through 6,
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Since all six are interrogated essentially simultaneously, the center of
the detector lying closest to the sensor coordinate of the ground point

at the instant of detection will be the detector number., In conclusionm,
all parameters necessary to determine the location of some point on the

ground in the sensor data format are known.

ALh CHARACTERIZATION OF CONICAL SCANNER GEOMETRY

This section graphically illustrates the geometry associated with
the conical scanner in terms of swath curvature, IFOV projection, and
ground-point grid mapping. Based on the information provided previously
and with the aid of the Fortran programs in Section A.5, numerical ex-
amples of conical scanner operation are shown for various spacecraft-
ground-point configurations. . - A

To meet the above objectives, the spacecraft or sensor parameters
that must remain fixed are listed. It is required that the swath width
on the ground be 185 km wide. The orbit 1s fixed at a radius of 9799 km
and is circular. In addition the maximum active polar angle is 24 de-
grees, The spacecraft will also be operated in a forward scanning
mode since this configuration minimizes overall terrain effects and re-
quires a lower duty cycle. Based on the above data, all other adjustable
parameters will be determined.

From. the altitude, maximum polar angle, and required swath width,
the cone angle is found to be 13.23 degrees. If the angular IFOV of
each detector is 44 rad (design goal), the polar angle sampling interval
to produce adjacency at swath center must be 0.1923 mrad at 30 degrees
latitude. In order to match adjacent swaths at 30 degrees latitude, the
time between identical points on subsequent swaths is 0.040225 second.
With a scanner duty cycle of 80 percent, the time required to scan one
swath is 0.032084 second, Since the maximum polar angle is 24 degrees,
the sample interval of the detector array is 7.4 usec., Hence there
are 4340 samples per swath with each sample requiring 6 addresses to.
the detector array. At this point all adjustable scanner parameters
have been specified.

The immediate point of interest is the macroscopic structure of
one swath. Figure A-9 is a plot of the swath as it appears in a plane
tangent to the ellipscid at the reference swath center. The error in
the z-direction varies radially from the spacraft nadir and 1s maximum
at each end of the swath at a value of -720 m. This value is repre-
sentative of the earth drop-off at swath end points. The swath thick-
ness is 262 m, which is approximately that of the width of the plotted
line at the scale of the figure.. .

In addition to overall swath geometry, an important feature of
the scanner, both radiometrically and geometrically; is its IFOV pro-
jection. Figure A-10 illustrates the layout of adjacent resolution-
element stacks for two subsequent swaths at three regions in the swath.
The spacecraft latltude was approximately 30 degrees. There are four
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Figure A-9 - Swath Geometry in Local Coordinates

possible situations which might arise with respect to the IFQOVs: (1) no
coverage, (2) single element coverage, (3) two-element coverage and,

(4) three-element coverage. In Figure A-10, only four detector IFOV
are annotated to illustrate the above categorized phenomena. It is
apparent that the greatest single difference between the western and
eastern ends is the effect of earth rotation which produces overlapping
and underlapping, respectively. With increasing slant range, the con-
stant angular-width IFOV projects a larger area on the earth. Since the
sampling interval was picked to provide adjacency at swath center, there
will be overlap at all other points with the most severe at swath ends.
This effect is manifested by the four small rectangular areas of two-
element coverage on the eastern and western sides. Note that the swath
center is affected only by earth rotation which produces a shear of the
detector arrays with no overlap. A unique effect caused by earth rota-
tion on the western side is the appearance of small areas where three-
element coverage occurs,

Figure A-11 illustrates the layout of IFOVs at the terminator of
81 degrees latitude for the same portions of the swaths. Compatrison
with Figure A-10 reveals that earth rotation perpendicular to the space-
craft motion 1s not present, which is to be expected since the heading is
due west., Nonetheless, overlap due to increased slant range is the same.
However, since the earth rotation is parallel to but opposite spacecraft
motion, an increase in along-track IFOV overlap is present. This effect
is present at swath center as well, while the earlier shear is missing.

Figure A-12 illustrates the layout of IF0OVs at the equator for the
three sections mentioned previously. It may be contrasted with Fig-
ure A-10; most phenomena are present, but to a greater or lesser degree.
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The major feature lacking in Figure A-12 is the cell overlap along the
horizontal edges of the IFOVs caused by earth rotation. Since the
normal component to earth rotation is minimum at the equator, the dis—
appearance of the overlap is expected. This figure represents a worst
case insofar as earth-rotation shear effects are concermed.

As a means of minimizing earth rotation effects, the sensor may
be yawed to produce a more southerly heading. The required yaw varies
with latitude and the effects cannot be eliminated at all points in the
swath. Figure A-13 illustrates the effect of a 3.5~degree yaw which is
that value required at 30 degrees latitude. The ends still exhibit
earth rotation effects although the situation at swath center is ideal.
Maintaining the yaw at 3.5 degrees, the IFOV layout at 8l degrees lati-
tude was explored to see what adverse effects would occur. Figure A-14
illustrates what amounts to an overcorrected yaw since no transverse
earth rotation components exists for the spacecraft at thatr latitude.
At the equator, the 3.5 degree yaw compensation would reduce the over-
and underlap, but not to the same extent as for 30 degrees latitude.

As a final check of IFOV geometry, a 20 degree eastward roll off-
set was incorporated at 30 degrees latitude. Figure A-15 illustrates
the three sections of the swaths used in the previous figures. Earth
rotation and slant-range expansion are severe in the far eastern side
and at swath center with only moderate distortion at the near eastern
side. Note that the near eastern side has more three—element coverage
compared to Figures A-10 and A~-14,

Another area of investigation of conical scammer geometyy on
ground point mapping was the projection of two latitude-longitude grids
to sensor coordinates. The analytical procedure developed in the pre-
vious sectionwas used in performing the tramsformation. Figure A-16
shows how a grid of latitude-longitudeliness would appear if the sensor
data were to be printed sequentially in time across the swath and se-
quentially in swath number in the along-track direction. The grid is
centered at 30 degrees latitude, with equal spacing of about 28 minutes
of arc in latitude and longitude. Figure A-17 is a representation of
a grid mapping at 81 degrees latitude where latitude lines are much fur-
ther spaced in distance than longitude lines, although the spacings are
equal in arc minutes. It is apparent that the spacecraft heading has
changed by about 75 degrees. The swath curvature still produces a bowed
distortion in the grid as it would be printed.

This section has discussed the basic imaging geometry of the conical
scanner as well as providing graphical illustrations of swath structure,
IFOV projection, and grid mapping. The overall interaction of the rota-
ting earth with the conical scan sensor has been characterized. It 1s
hoped that this information will serve as an aid in estimating the degree
of geometric correction required, and in understanding the problem of the
geometric relationship between sensor and earth.
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A.5 PROGRAM LISTINGS

Printed teleprinter listings of the image-to-earth and earth-to-
image computer programs are presented on the following pages. Each pro-
gram is prefaced by a long explanatory paragraph. The program was written
in Portran for the SBC "Call 370" time-gharing service.
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18
112
128
132
14@
150
16
172
184
190
200
2189
220
230
240
258
260
270
254
2992
387
314
320
a3a
34
3542
360

372

387
397
430
418
4213
437
449
450
469
472
li1g
433
538
51a
522
53¢
548
554

" THIS SUBROUTINE CALCULATES THE INSTANTANEOUS LOCATION
"ON THE EARTH OF THE FQUR CORNERS OF THE IFOV OF A COLICAL

" SCANNER, IN ORDER THAT THESE PQINTS BE LOCATED, ALL 5/C
"ORIENTATION ELEMENTS (ATTITUDES, ATTITUDE RATES, ANWND ATTI-
"TUDE ACCELERATIONS, AND ALTITUDE) MUST BE XKNOWN AT SOME
"TIME AND THE NUMBER OF SWATHS AND RESOLUTION ELEMENTS LATER
"OR FARLIER AT WHICH THE IFOV LOCATION IS DESIRED. THE PRO~
"GRAM WAS DEVELOPED FOR A SPECIFIC SET OF ORBITAL PARAMETERS
"ALTHOUGH THEY MAY EASILY BE ALTERED INTERNALLY. GIVEN THE
"GEOMETRIC BOUNDS ON THE EARTH, THE CONICAL SCANNER PARAMETERS
"WJERE DERIVED USING THE ASSUMED ORBITAL DATA BY ITERATION WITH
"THE PROGRAM.

' AS PRESENTLY ARRANGED, THE ORBIT IS CIRCULAR WITH AN
“"ORBITAL RADIUS QF 7358288 M MOVING AT A CONSTANT TANGENTIAL
YUELOCITY OF 748% M/SEC. THE ORBITAL INCLINATION WAS ASSUMED
“T0 BE 81 DEG WITH THE S/C HEADING AT THE EQUATOR BEIWG EITHER
"SY OR NE. - THE EARTH WAS ASSUMED TO BE A ROTATING ELLIPSOID
“JITH A PERIQD OF 23 HR, 56 MIN, 4 SEC AND A SEMI-MAJOR AXIS
“OF 6378388 1. THE COWICAL SCANNER CURRENTLY HAS A HALF-~
"CONE ANGLE OF 13.23 DEG YIELDING A SWATH OF 185 KM ON THEL
"EARTH FOR AN ACTIVE SCAN ANGLE OF + QR -24 DEG JITH THE
"ORBITAL DATA GIVEN ABOQVE.

" FOR EACH OF THE VISIBLE BANDS, THERE ARE 51X DETECTORS
" WHICH SIMULTANEOQUSLY SENSE THE EARTH, CONSEGUENTLY., EACH
"SWATH 1S COMPOSED OF SIX RESOLUTION ELEMENT TRACKS. THE
“"ANGULAR WIDTH OF THE ELEMENTS IN THE ALONG TRACK DIRECTION
"YAS ASSUMED TO BE 44 MICRORAD WHICH AT THE ASSUMEL MEAN
"ALTITUDE YIELDED A CELL 43.4 M LONG. THE CELL WIDTH IN
"THE {R0S55 TRACK DIRECTION WAS DETERMINED BY THE SAMPLE RATE
“"OF THE DETECTOR ARRAY. THE SAMPLE RATE CAN ONLY BE DETER-
“MINED IF THE TOTAL SWATH SCAN TIME IS5 KNOWN AND THE DUTY
"CYCLE OF THE SCANNER IS GIVEN. THE TIME BETWEEN SWATHE WAS
"DETERMINED BE ITERATIVELY FINDING THE TIME NECESSARY T0 BE
"ABLE TO PRODUCE ADJACENCY IN THE ALONG TRACK LDIRECTICN AT
"SWATH CENTER FOR SOME NOMINAL LATITUDE. THIS TIME WAS
“"FQUND TO BE 242105 SEC, AND CQUPLED WITH A DUTY CYCLE OF
"g43%, THE SWATH SCAN TIME WAS .016342 SEC. THE SAMPLE PER-
10D WAS THUS 3.7 MICROSEC AT EQUAL INCREMENTS OF 1.923E-34
"2AD POLAR ANGLE WHICH YIELDED 4357 SAMPLES PER SWATH BEFQORE
"MULTIPLYING 32Y THE 6 RESOLUTIGW ELEMENTS.

" THE PDROGRAM 1S ORGANIZED SO THAT VARIOUS 5/C OR SENSQOR
"CONFIGURATIONS MAY BE SIMULATED, E.G. CIRCULAR 3CAN., PITCH
“DOWN, OR PITCH UP. THE LATER TW0O ARLZ COMMONWLY HREFZRIED TO
"AS NADIR SCANNING SINCE THE 5/C NADIR POINT I5 ALSO a DATA
"POINT. IN ADDITION, ROLL OFFSET MANEUVERS ifAY BE PERFORMED
"YHEREBY REGIONS TO THE LEFT OR RIGHT OF THE NORMAL SENSING
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568 "AREA MAY BE INTERROGATED, HOWEVER, CARE SHOULD BE TAKEN TGO .
57@ MENSURE THAT IF A PITCH DOWN OR PITCH UP CONFIGURATION IS
56@ "IN USE, THE PITCH VALUE 1S MODIFIED TO FORCE THE SWATH

592 "CENTER TO LIE ON AN AXIS TRANSVERSE TO SENSOR LOCATION

608 "SINCE THE TRANSFORMATION MATRIX WITHIN THE PROGRAM USES

612 “TRUE EULER ROLL., PITCH, AND YAW ANGLES.

e2n v A5 PRESENTLY ARRANGED, INPUT TO THE PROGRAM IS DONE
632 "THROUGH A DATA FILE LABELED °*FILL'. FIVE PARAMETERS ARE
64@ “PRESENTLY TRANSFERRED, SWATH NUMBER ¢l OR 2), RESOLUTION
65@ "ELEMENT NUMBER (+2178 TO -2178), CORNER NUMBER OF THE 1FOV
66@ "OF INTEREST (1 TO 4>, PITCH ANGLE FOR NADIR OR CIRCULAR

67¢ "SCANNING, AND ROLL OFFSET.

638 " ATTITUDES, ATTITUDE RATES, AND ATTITUDE ACCELERATIQONS:
697 "ARE NOT INPUTTED ALTHOUGH BY MODIFYING THE 'READ' STATE- a
733 "MENT, THEY CAN BE. ON THE EARTH., FACING IN THE DIRECTION
718 "OF INSTANTANEQUS 5/C HEADING, THE GORNERS OF. THE -1FOV ARE
72@ "LABELLED AS 1 FOR THE LEFT-BACK, 2 FOR THE RIGHT BACK.

738 "3 FOR THE LEFT FRONT, AND 4 FOR THE RIGHT FRONT. AS PRE~- "
747 "SENTLY ARRANGED ONLY TW0O ADJACENT SWATHS MAY BE EXAMINED, :
759 "ALTHOUGH WITH SOME MODIFICATIONS MANY SWATHS May BE

768 "TREATED

7780 * THE OUTPUT FROM THE PROGRAM CGNSISTS OF 3 CATEZGORIES,
782 1) S/C DATA AT THE CENTER QOF SWATH 1., 2) S/C DATA WHEN THE
798 "POINT IN AUESTION WAS SENSED, AND 3) LOCATION OF THE PQINT
82@ "ON THE EARTH IN TWO0 COORDINATE SYSTEMS. OUTPUT | OF THE
819 "PROGRAM CONSISTS OF 3/C LATITUDE, UNCERTAINTY IN THE ALT-
82A@ "ITUDE, ALTITUDE, LONGITUDE, LONGITUDE OF THE ORBITAL PLANE
83% "“TERMINATOR, AND THE HEADING OF THE S/C. OQUTPUT 2 CONSISTS
84¢ "“QF 5/C LATITUDE, ALTITUDE, ORBITAL PLANE ANGLE MEASURED

858 “FROM THE TERMINATOR., AND ALTITUDE UNCERTAINTY. QUTPUT 3
869 "CONSISTS OF LATITUDE AND LONGITUDE OF THE EARTH BASED PQINT,
873 "(XEE,YEE,ZEE) COCRDINATES IN A CARTESIAN SYSTEM TANGENT TO
8@ "THE EARTH'S ELLIPS0ID AT THE CENTER OF SWATH 1. ALL CAL-
599 "CULATIONS ARE DONE IN DOUBLE PRECISION MODE AND ALL DIS-
9@7 “TANCLS ARE MEASURED IN METERS, ALL TIMES IN SECONDS, AND'
%12 "ANGLES IN NADIANS (EZXCEPT FOR I0 WHEN DEGREES ARE USED) .-
oz2a

93a v

G4 " DEFINITION OF MAIN VARIABLES

9!3[1' '

96 v

Q7@ vA=SEMI-MAJOR AXIS OF THE EARTH

982 “DIR=CONVERTS DEGREES TO RADIANS

99@ "BETA=PITCH VARIARBLE USED TO PRODUCE WADIR SCANNING

1233 "THETA=ROLL VARIABLE USED T0 PRODUCE ROLL OFFSET

131@ "ECCN=ECCENTRICITY QF THE EaRTH ’

1228 "GAMMA=HALF-CONE ANGLE OF THE SCANNER

1930 “ALP=COMPLEMENT OF ORBITAL INCLINATION
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1047
19502
1260
1373
12806
193
11802
1112
11249
1139
1149
1156
1172
1173
1183
1126
12049
i21@
1223
1237
1243
1256
12648
1273
i2g8a
1290
1306
1319
1309
13392
1343
1359
1362
1373
1383
1393
1433
1413
VAZG
1433
1443
1453
14649
1473
1483
1492
1523
1518@

2UD=TANGENTIAL VELOCITY OF S/C

wRO)=RADIUS OF ORBIT FROM CENTER OF EARTH

"C1=ROTATION RATE OF THE EARTH

#C3=CONSTANT USED TO DETERMINE RATE OF CHANGE OF ORBITAL ANGLE
" (MEASURED FROM THE CENTER OF THE EARTH)

wTO=TIME TO SCAN ONE-HALF SWATH

“CD=ANGULAR SCAN RATE OF SENSOR

»B=SEMI-MINOR AXIS OF THE EARTH

“THO=0RBITAL ANGLE DEFINED AS THE ANGLE SUBTENDED BY TWQ

" LINES, DWE DRAWN FROM THE CENTER OF THE EARTH T0 THE
" TERMINATOR AND ONE DRAWN FROM THE CENTER OF THE EARTH
" T0 THE INSTANTANEQUS LOCATION OF THE S/C
“XLSEO=LONGITUDE OF S/C AT SWATH 1 CENTER

“PHISO=LATITUDE OF S/C AT SWATH 1 CENTER

“HSEO=ALTITUDE QF S/C AT SWATH | CENTER

ZDELT=UNCERTAINTY IN S/C ALTITUDE AT SWATH 1 CENTER
wXLPK=LONGITUDE OF TERMINATOR AT SWATH 1| CENTER
"XKAPPO=YAYW AT SWATH | CENTER

WPHID=PITCH RATE AT SWATH 1| CENTER

“EHIDD=PITCH ACCELERATION AT SWATH | CENTER

"YKAPD=YAW RATE AT SWATH 1| CENTER

W UAPDD=YAYW ACCELERATIOQON AT SWATH | CENTER

"TO0=0NFE-HALF SWATH SCAN TIME QR TIME BETWEEN SWATHS DERPENDING
v IF SWATH | OR 2 IS BEING EXPLORED

vn=ROLL AT SWATH 1 CENTER

wID=ROLL RATE AT SWATH 1| CENTER

“ETA=POLAR ANGLE OF SCANNER

“ELL=RESQLUTION ELEMENT NUMBER (-2178&8 TO +2178)

"UDD=ROLL ACCELERATION AT S¥ATH | CENTER

"T=TIME MTASIURED FROM THE START 0OF SWATH 1

UDHIT=TIME VARYING CONTRIBUTION OF PITCH

UXKAPT=TIME VARYING CONTRIBUTION O0F YAW

oy T=TIME VARYINSG CONTRIBUTION OF ROLL

“PHI=NET INSTANTANEQUS PITCH

wJy=NET INSTANTANEQUS ROLL

“XKAPPA=NET INSTANTANEQUS YAW

“ACL,J)=TRANSFORMATION COEFFICIENTS FROM S5/C ORIENTATION TO
" COORDINATE SYSTEM TANGENT TO THE ELIIPSOID
"THT=INSTANTANZOUS ORBITAL ANGLE

"XLSE=S/C LONGITUDE AT T

YPHISE=S/C LATITUDE AT T

"HSE=S/C ALTITUDE AT T

"A(I,Jy=TRANSFORMATION COEFFICIENTS FROM LOCAL COORDINATES TO
" GEOCENTRIC :

MY EE=X-CO0RDINATE OF POINT IN TANGENT PLANE SYSTERH
YYEE=Y-CO0ORDINATE OF POINT I TAWGENT PLANE SYSTEM
“ZEE=Z-COORDINATE OF PGINT IN TANGENT PLANE SYSTEWM
“XLAT=LATITUDE OF POINT BEING SENSED
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1520
1530
1540
1550
1560
1570
1560
1590
1600
1610
1620
1630
1 640
164]
1642
1643
1650
1660
1670
1650
1690
1700
1710
1720
1730
1740
1750
1760
1770
1 780
1790
1€00
1810
1820
1630
1840
1850
1E£60
1870
1#R80
1890
1900
1910
1920
1930
1940
1950
1960

"ALNE=LENGITUDE @F FPGINT BEING SENSED
"ALPHA=HEADING OF S/C AT T
"AZE=HEADING OF 5/C AT SWATH 1| CENTEK

"

"

" THE TEEZ SUPFEUTINES ARE LATLNG AND ASE WITE LATLNG
"DETERMINING THE LATITUDE AND ALTITUDE GF THE S/C FR@wm

"SOME GIVEN GREITAL ANGLE AND ASF DETERMINING THE HEADING @F
"THE §/7C GIVEN SGME LATITIDE, ALTITUBE, AND QREITAL ANGLE
EFEAL*& CAMYMAT L ETAL, BARGSFLL ‘

KEAL* K KLATUEISRLNCUI &) XEECIR) L YEECIE) , ZEECIR)

FEAL*E A, DGRFLCNS CAMMA, T
HETA:THETA;ALP:VH:R@:C];CBJT@:CQ:B:THE;XLSE@;PHIS@;HSE@;Z

(X}
(3]

L2

DELT:PHISﬁ:NLPR:AZ@:XLPV}XLPKD:XX:XKQPPG:PHID:PHIDD:%
AKAPD, XKAPDD;%G,hD,WDD;T:ETA,TGE,UIx:CTY:CTZ,PHIT:XKAPT:Z
hT;PHI:W:XKAPPQ:FHIE:CﬁNl:C@NE:C@N3)C@N4)C@NS:C@N6:A]1;%
AIEJAla;AQIJQE?:AESJQS]:AaE:ASSJCCX:CCY:CCZ;THT:THIDJ%
XLSEP;XLSE;PHISE;HSE;B]1;812,813,821,EEEJBES,BBIsZ
BSQ:BSEJE:UXJHK:RI:EQ:RB:RA:ES:H&:BIGA:BIGE:BIGCJWI;UI:%
Vl;XLT:DIFF:QNTJP:EC@NE:EC@N:UP:VP:WP:UKK:WXX]ALPHA:HSEN
A=63THE3ER.

CALL GPENCIs'FILL', *INPUT ")

READCI,*) NCOGDESELL,NPT,BETA, THETA

DGR=57.29577951 31

BETA=BETA/ DGR

THETA=THETA/ DGR

ECCN=0.082

GAMMA=13.23/DGR

ALP=9./DGR

V2=T7400.

R@=735&28K.,

Cl=360./(B6164.*%DGR)

C3=Ve/RE

TO=0.016042

Ce=48. /(DER*N 1320184

E=A*¥DSQRT (] . ~FCCN*x2)

THZ=60./DCkK

XLSF@=90. /DGR

CALL LATLNG(TH@:ALP;AJB:R@:ECCN,PHISG:HSE@:DELT)
PHISD=PHISE*DGER

30 KLPR=DATAN(DSIN(TH@)/(DC@S(TH@)*DSIN(ALP)))

CALL ASE(A:ECCN;ALP:CS:C]JB;TH@:R@:PHISB:HSE@:AZ@)
XLPK=XLSEG-~-XLPK -

XLPKD=XLPK*DGR

RA=XLSEE*DGE
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1970
19883
199@
2260
cgtp
eRzad
2432
2049
e@59
2060
2078

2989.

2094
21292
211@
2120

QLR@<

2148
2158
2168
2172
2183
2192
2207
2218
2220
2238
2249
2259
22648
2270
2284
2290
2322
23109
2322
2338
2343
2352
2364
2370
23803
2392
2480
2410
2420
2430
2443

WRITE(6.*)PHISD,DELT:HSEO}XX;XLPKD,AZO
XKAPPO=0.,0612893939115

PHID=0.0

PHIDD=0 .0

XKAPD=0.Q

XKAPDD=D .0

TOO=TQO

IF(NCODE.EQ.2) TD0=0.056147

W0=0.9

WD=0.9

ETA= ELL*1.923E ®4+9 615E-85

WDD=0.0

T=ETA/CO+TO00

ETAl=ETA

GAMMAl =GAMMA

IF(NPT.EQ.4) GO TO 5B

IF(NPT=2) S%,51,53 .

51. BARG=DCOS(GAMMAL )* (DCOS (4. 4D 95)+DSIN(GAMMQI)*DSIN(ETAI)*Z
DSINC4.4D-85)/DSART(1 + =DSINCETAL Y *%2xDBSINCGAMMAL )% *2))
GAMMA=DATAN (DSQRT (1 .~-BARG**2)/BARG) -
BARGC=DTAN(GAMMAl Y*DCOSCETAL) /DTAN(GAMMA)

ETA=DATAN(DSAQART (1l .-BARG**2) /BARG)

IF(NPT.EQ.4) GO TO 53

Go TO 5%

53 BARG=DCOS (GAMMA)*(DCOS(2.64D-04)+DSIN(GAMMA)*DCOSI(ETA)*Z
DSIN(C2.64D- QQ)IDSQRT(l.-DCOS(ETA)**z*DSIM(bAWMA)**Q))
GAMMALl =DATAN(DSQRT (1 + -BARG**2) /BARG)
BARG=DTAN({GAMMA)*DSIN(ETA)Y/DTAN(GAMMAL)
ETA=DATAN(BARG/DSQRT (] .-BARG**2)})

GAMMA=GAMMAIL

59 IF((ETA!*ETAY.LE.Z.3) ETA=-ETA

NSWAT=1

NAB=1

NSMaxX=1

NLOOP=1

46 IF(NLQODP-1) 39,39,45

39 CONTINUE

4% ARG=DSART(! «2+(DCOS(GAMMA) /DSIN(GAMMA) Y *%2)
CTX=DCOS(ETAY/ARG S
CTY=-1.0%DSINCETAY /ARG

CTZ=(DCOS{GAMMAY /DSINC(GAMMA) ) /ARG
PHIT=PHISEO+PHIDK (T=-TQ)+SIGN*PHIDD* (T~ TO)**2/J
YKAPT=XKAPPQ+XHAPD* (T~-TO) +XKAPDD*(T-TO)**%2 /2 |
WT=WO+W D% (T=-TO)+WDD*(T-TQ)**2 /2. '
PHI=PHIT+3ETA

W=WT+THETA

XKKAPPA=XKAPT

PHIE=PHI
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2450 CON1=DCOS(PHIE)

2463 CON2=DSIN(PHIE)

2479 CON3=DCOS(XKAPPA)

2489 CON4=DSIN{(XKAPPA)

249@ CONS=DCOS(W)

2508 CON&=DSINC(Y)

Z251@ All=CONI*CON3~CONZ*CONG6XxCONA

2527 Al2=-CONS*CON4

2537 Al3=CON2*CON3+CONI*CON6XCONA

2540 AP1=CONI1*CONA4+CONZ*CONB*CON3

2557 AR2=CONS5*CON3 _
2560 AZ3=CONZ2*CON4-CON1*CON&6XCOMN3 o
2572 A31=-CON2*xCONS -
25%% A32=CONG

259@ A33=CONI*CONS

2623 CCX= (Al1/CTX~A21/CTY)/(AQS/CTY-AI3/CTK)-(A1l/CTX a3’z
2618 CTZY/(A33/CTZ-A13/CTX)

D620 CCY=(AR2/CTY-AI2/CTX)/(A23/CTY - AISICTX) CA32/CTZ-812/%
2638 CTX)/C(A33/CTZ-A13/CTX)

2643 CCZ=CCX*x((A33/CTZ-423/CTY )}/ (A32/CTZ-222/CTY)-(A23/CTYY
2653 ~Al3/CTX)Y/(A22/CTY-Al2/CTX)Y3/(A21/CTY-A31/CTZ)/(A32/2
2668 CTZ-A22/C0TY)-CAlL/CTX-A21/7CTY)/CABR/CTY-A12/CTX))

2677 THT=THO+(VO/ROY*(T=-TO)

268% THID=THT*DGR

2697 XLSEP=DATANCDSINCTHT)/(DCOSCTHT)*DSINCALP)))

2700 XLSE=XLPK+¥XLSEP+Cl*(T-TQ)

2712 IF(XLSE-3.14159) 13,12,11

2720 11 XLSE=XLSE-6.2832

2739 1@ CALL LATLNG(THT,ALP,A,B,RU,ECCN.PHISE,HSE,DELT)

2742 PHISD=PHISE*DGR

2758 2 YRITECG, x)PHISD,HSE. THID, DELT

2767 CALL ASE(ALECCN,ALP,C3,Cl,B,THT,ROL,PHISE,HSE,ALPHA)D
2770 RBII=DCOSCALPHA)I=*DSIN(PHISE) '

2780 Bl2=-DSIN(ALPHA)

2798 313=-DCOSCALPHA)Y*DCOS(PHISE)

2880 B21=DSINCALPHA)Y*DSINC(PHISE)

2810 B22=DCOS(ALPHA)

2828 B23=-DSIN(ALPHA)*DCOS(PHISE)

2832 R31=DCOS(PHISE)

2847 R32=0.9

2%5@ R3I3I=DSIN(PHISE)

2860 E=A/DEORT(lO-ECCN**2%DSIN(PHISE) *%2)

2870 UX=ExDCOS(PHISE)

288¢ WX=E*(]l.0-ECCN**2)*DSIN(PHISE)

2899 RI=(CCX*B11-CCY*B21)/(CCY*B23~ ch*m13)~<ccx*b11~ccz*511)4
290@ /(CCZ*B33-CCX*B13)

2919 R2—-CCX*(BII*UX+BI3*WX)/(CCY*B23-CCX*813)+CCX*(E

2927 BlI%UX+B13*%WX)>/(CCZ*B33-CCX*313)
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2933
2947
2959
2960
2972
20848
2999
3023
301@
3228
330
349
3850
33682
3270
3689
3093
31¢2
311
3122
3138
3143
3157
3160
31773
3o
. 3192
3290
3212
3227
3223
324%
3257
3260
327@
3280
32942
3302
3318
3322
3339
3344
3358
3368
33792
33809
3387
3432
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23=(CCY*322~CCX*Bl23 /(CCY*B23-CCX*B13)~(CCZ*B32~CCX*xBl21%
/(CCZ*B33-LCXxB13)

R4=~CCY* (B2l *UX+RB23%xWX )/ (CCY*B23-CCX*B13>+(CL*7%
(B31xUX+B33*%WX+HSE) /(CCZ*B33-CCX*B13)

RE=R] % ( {CCY*B23-CCX*B13)/(CCY*B22~CCH*B12)-(CCZ%B33~CCK*7
B13)Y/¢CC2*BA2=-CCX*kBIR2IY/((CCX*B11-COY*B21)/(CCY*B22-%
COX*B12)Y~-(CCK%B11-CCZ*%B31)/(CCZxB32-CCX*xB12))

RE=Ri*((~COY* (B2 1 xUX+B23*xWX)+CCXk (Bl 14xUX+B13%WR)IZ
Y/CCCY*R22=CCX*BI2)~(=-CCZ* (B3] *UX+B33%WX+HSE)+CCK*%
(B11xUX+B13%WX))/(CCZ*B32-CCX*xB12))»/¢((CCX*311-CCY=*%
B21)/(CCY*B22-CCX#B12)-(CCX*B11=-CCZ*B31)/(CCZ*B32-CCA*7Z
B12)3+R2

BIGA=] B/Bxk2+(RS%x%x2/A%%2)3% (] ./RI*%2+]./R3*%%x2)

BIGE=(2.*R5/A%%2)% ((R6-R2I/R1 %2+ (R6-R4)/R3*%2)

BIGC=(RE6-R2I**2 /(A% 2*R]1 %*¥2)+ (RE-R4) %k 2/ (A% 2k RA3*%2) -1 .8

Wlz=(-BIGR+DSART(BIGB**2-4.%BIGA*BIGC))>/(2.%BIGA)

Ul=¢l./Rl1 )% (R5xW1+R&E-R2)

Ul=(l . /R3II*(R5*xW1+R6~-1R4)

3 DIFF=DATAN(VL/UL)

KLT=XL5E-DIFF

DIFF=DIFF*DGR

NSUB=(¢(NSWAT-1 )% 1 8+NLOOP+ (NAB-1 ) %xE

XLNG(NSUB)Y=XLT*DGR

AMT=W1/D5ART(A**2% (1 . ~ECCH*%2 )% *x2+ECCN** 2kl | *%2)

P=DATANCAMT/DSATRTC] o ~AMT*%2) )

YLAT(HSUB=PxDGR

ECON2=A/DEANT(]l « ~ECCN**%2%kDSIN(P)*%2)

ECON=A/DSANT{ 1+ ~ECCN*x*2*DSIN(PHISO)**2)

UP=ECON2%xDCQOS(PI)*DCOS(KLSEO-XLT)

JP=EC0N2*xDCOS(PI*DSIN(XLSEQ-XLT)

MP=FRCON2* (|l « ~ECCN#%2)%DSIN(P)

UXX=ECCHN*DCOS(PHISO)

WHK=ECON*(] « ~ECCHN**2 )% DSIN(PHIS(O)

Bl1=DCOS(AZOY*DSINC(PHISO)

Bl2=-DSINCAZO)

BiI3=-DCOSCAZ0)*DCOS(PHISOS

R21=DSINCAZOY*DSIN(FHISO?

R22=DCOSCAZ0O)

B23=-DSINCAZJ)*DCOS(PHISO?>

B31=DCOS(PHISO)

RB33=DSIN(PHISO)

XEEC(NSUB)I=Bl Il % (UP-UXX)+B12*VP+3 13k (WP~WXX)

YEE(NSUB)=B2l % (UP-UXX3+B22%xVP+B23x (WP-WXXD

ZEEC(NSUB)=B3]l % {UP-UXX)>+B32%xVP+333*%(WP=-WXX)

T=T+3.022222222

NLOOP=NLOOP=+1

30 TO 4é

45 YRITEC(E,*)XLATC(L ) s XLNGCI X, XEECL)LYEECIDLZEEC(C])



3410

3428
3430
3442
3450
3467
3470
3480
3493
3538
3512
3529
3330
3548
355@
3568
35749

3587

3594
2670
3510
3620
3630
3649
3657
3668
3670
3680
3690
3700
3710
3720
3730
3740
3752
3764
3779
3752
3794
3820
IR
223
3834
38483

3852

38ET
I8TH
3823

STOP

END

SUBROUTINE LATLNG(THT,ALP,A,B,R0,ECCN,PHISE,HSE, DELT)

REAL*3 THT.ALP,A,B,R0,ECCN,PHISE,HSE, DELT,HSEN

HSEN=9799373.

NCT=1]

I PHISE=DATANC((A**2+A*HSEN) /(B**x2+A*HSEN) Y% (DCOS(THT»*DCOS2
(ALP)/DSQRT(DSIN(THT ) **2+DCOS(THT )**2%xDSIN(ALP)Y*%*2)))

HSE= RO*DCOS(THT)*DCOS(ALP)/DSIW(PHISE) =A% (!l -ECCN#*%2)/DS5dRTZE
(1 .~ECCHN**%2*%DSINC(PHISE)%%2)

DELT=DABS(HSEN-HSE)

IF(DELT-1.08) 2,2,13

13 IF(NCT=-20) 14,2,2

14 HSEN=HSE

NCT=NCT+1

GO TO 1

2 RETURN

END

SUBROUTINE ASE(A,ECCN,ALP,C1,C2,B, THT,R0,PHISE,HSE,AZ)

REAL*E KO,YO,ZO,A,ECCN,ALP,Cl,CE;B,THT,RO,PHISE,HSE,AZ,%

EPPLPHOLX,Y,2,UARG.C11,C22,C12,C21.,C13.,C023, PHISET,PHUT. %

EPPT,XT,YT,4T.CCC1,CCC2,ZETAL,XETA,YETALP1,P2,P3, 00T

KO=R0O%xDSINC(THT)

YO=RO04xDCOS(THT »*DSINCALP?

ZO0=R0«DCOSC(THTY*DCOS(ALP)

EPP=A/DSQAT(! « ~ECCN*%2%DSIN(PHISE) ®x%2)

PHO=DATANCDSINC(THTY/(DCOSCTHT»*DSINCALP)Y )

X=EPP*DCOS(PHISE»*DSIN(PHQ)

Y=EPP*xDCOS(PHISE)*DCOS (PHD)

Z=EPP%x (] +-ECCN**2)>%DSINC(PHISE)

UARG=((A**2+A*HSE)/(B**2+A*HSE))*(DCOS(THT)*DCOS(ALP)/DSQRT%
(DSINC(THT 3**%2+DCOSCTHT Y **2xDSINCALP Y ®%%2) )

Cll=1].2

C22=l.®

Cl12=RO*DCOS(THT»*DCOSCALP)*DCOS(PHISE) /DSIN(PHISE)Y*%2+A% (7
l.-ECCN**Q)*ECCN*ECCN**E*DSIN(PHISE)*DCOS{PHISE)/(DSQRT(1.-%
ECCN*«#2*«DSINC(PHISE)Y *%2) Y%%3

C2I=(1 /(1 «+UARG**2) )k (A% (A* %2 =B%k*2) /(B**x2+HSE®A ) % %2 )

Cl13=-RO*DSIN(THTY*DCOSCALP)Y/DSINC(PHISE)

CE3=((A**2+A*HSEI /(B**2+A%HSEY )% (1. /(] + +UARG**2) )% (=-DCOS5SZ
(ALPI*DSINCTHTY Z(DSART(DSIN(THTY**2+DCOSCTHT Y **2%DSINCALP) 2

RXED2 DI Kk%3)

PHISET=((C13=-C23%xC11/C212/(CI2-C22%xCi11/C21))%C!

PHOT=Cl*DSIN(ALP)/(DCOSCTHT)**2%DSINCALP)*%2+DSIN(THTYZ

*k2)

EPDPT=A*ECCN**2x DS IN(PHISEY*DCOS(PHISE)*PHISET/DSRITY
(Cl .~ECCH**%2%DSINC(PHISE)**%23%%3)

KTzDCOS(PHISE)*DSIN(PHQ)*EPPT+EPP*DCOSCPHISE)*DCDS(PHO)*PHDT%
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3898

3933

391@

3922

3930
3940
3958
3968
3973
3983
3592
4329
43180
4aRa3
4739
4344
4ALG

13&
11
127
134
14
153
e
173
183
19¢
2AE
Pt
220
257
DA
253
267
2706
egn
oo
320
oA
324

—EPP*DSIN(PHO)*DSIN(PHISE)*PHISET

YT=DCOS<PHISE)*DGOS(PHO)*EPPT-EPP*DCDS(PHISE)*DSIN(PHO)*PHOT%
-EPP*DCOS(PHO)Y*DSIN(PHISE)*PHISET

ZT=(1.-ECCN**B)*(DSIN(PHISE)*EPPT+EPP*DCOS(PHISE)#PHISET)
CCCI=-(A**2/B**2)*Z/(X*DSIN(PHO)+Y*DCOS(PHO))

CCC2=DSART (1 « /(1 .+CCCL#%2))

ZETA=-CCC2

XETA=-CCCl*DSIN(PHO)*CCC2

YETA=-CCC1*DCOS(PHO)*CCC2

Pl =XETA*XT

PoO=YETA*YT

P3=ZETA*ZT _
DOT=(P1+P2+P3)/DSQRT((KT**2+YT**2+ZT**2)*(XETA**2+YETA**2+%
ZETA*%2))

AZ=DATANC(DSART (] «-DOT**2)/D0T)

RETURN

END

v THIS P™057AY CALCULATES THE VaARICUS CONICaAL SCanJLID Ixaul

T"PARAMETERS LECESSARY TO PROJECT POIATS O THE LEARTIH TJ

“ROSITIONS 1IN THE SERUENTIALLY PREPANED DIGITAL TAPL.

“TO INITIALIZE THRE DPROGRAM, THE LOCATION OF THE 3/0 «iUsT

YLE KNOTH AT ROHE TIAD '2' ALONG wITH ITE ONENTATICHN Lo~
UHEHTS (ATTITUDRES, ATTITUDS RATES, AND ATTITUDE ACCELZNA-
"TIONS)Y. 1N ADDITION, THE LATITULLE AND LUNGITUDE OF THE
"RPOINT TO BE PNOJECTED MUST BE GIVEW. THE OUTPUT CGF Tilk
"PROGRAM IS THE TIME FROM '2' WHEN TUE POINT WAS SENSLD.
"THE HIBER OF SWATH INCRENENTS HBEFODRL THE POINT WAL LLWLHZD.
"THZ LATHETAL TESSLUTICH ELEVMENT JUMHBED, AWD THE DETECTI:
AR WITHIN THE STACK OF SIX.

' IHITIALLY, THE LOCATION JF THE POINT I5 FUUJLD 14
TSENSOT COOTDINATIES FOINL THE SIVER S/C LOCATION. BALIL UN
URERUITED ESTIMATES, SUCCESSIVE ITERATIONS ALDVALCLE Uh AuTREAT
YTHE S/C TQ THE POINT OF SENSING. THE SWATH IHCRIZNENTI ALSUILE
A LINEAR VELOCITY IN SENS0R COO0ZLINAT=S CONSERUENTLY CARE
PMIIST JEE TAKEN TO INSURE TRAT EXCESSIVE S5waATH INCREUENTATION
"DDESR NOT GCCU= SINCE IN THAT CASE THL FPOINT #OULL 2R
“"EHIPPEER 1IN THL FINST PASS. IF THE APPRUACH 15 MADL
TATARYALL, THZ POINT WILL N0T RL SKIPPZL anwl THE ACCESS

UTILHE MAY 05 FOUNE 1IN ONE PASS, HOUEVER, SIEVENAL PLuaSls JF
YEUATH INCRUEMEITATION MUST BE USED.
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334
34
as4
363
372
382
37
4
41e
423
A37
S48
457
467
a7
HED
A4S 6
5@
51
523
537
547
552
SR/
57¢a
58
594
aad
[N
626
&332
543
657
SJay
GTA
683
ser
7R
71
7o

b s
L 4

T4
757
767
Fae
THA
7o@

" THE X-Y PLANE OF THE SENSOR COORDINATE 3YSTEN WAS
"DIVIDED INTO FIVE ZOWES, IT SHOULD BE WOTELD THAT TiilS
"PRCGTAM ASSUMES EITHER FOMWARD SCANNING OR CInRCULAR
"SCANWING AND CANNOT HANDLE AFT SCANNING. THE BEGION WHERE
"X>2 15 LABELED AS 1, THE REGION WHERE X<@ AND X>XMAX
"WHEPE MMAX 1S THE X-COORDINATE OF THE FOREMOST (SMALLEST
"WEGATIVE) PORTION OF THE ACTIVE NREGIQN OF THE SWaTH IS
"LABELLED 2, THE REGION WHERE X<¥XMAX ANLD WHEHRE ¥ IS NOT CON-
"TAINED WITHIN THE ACTIVE SWATH AREA IS LABELLED 2EGION 3,
"THE SWATH AREA IS LABELLED AS REGIOW 4, AND ALL AREA
"BEHIND THE SWATH 1S LABELLED REGION 5.

' AT FIRST THE 5/C POSTTION IS KNOWN AT SO0ME SWATIH
"CENTER. THE LOCATION OF THE GROUND POINT IN SENSOR
"COORDINATES IS COMPUTED FOR THE BEGINNING AND ENDING

“"OF THAT SYATH. SINCE THAE SWATH 5CAN TIME IS KWOWH,

"A LINEAR VELOCITY 1IN SENSOR COORDIMATES MAY BE FOUND.

"IF THE POINT FALLS IN REGION 1, THE WUMBER QF SWATH .
"INCREMENTS NECESSARY TO PLACE THE POINT JUST IWNSIDE REGION
"2 IS ESTIHATED USING A LINEAR VELOCITY APPR0ACH.

"THE PRogRal DETURNS AR RECALCULATES THE TWO DOINTS AJAIW
"FOR THE NEY TIME AND S/C LOCATION. " IF IT FALLS 11 BEGIoN
"2, THE NECESSARY SWATH INCREMENT TO0 BRING IT INTO REGIu
"3 1S COMPUTED AS IN ABOVE. HOWEVER, BECAUSLE THE SWATH
VINCREMENTS ARE OVER ESTIMATED (TANGENTIAL PELATIONSIIIR

" DUE TO INCTMEASED SLANT RANGE), A SCALE FAGTOR OF 2.95

"I5 USED. THE PROGTNAM RETURNS AND LUOCATES THE TJ0 POINTS FOR
"THE WEY TINE ANC S/C LOCATION. THE ABOVE PROCEDULE 15
"FOLLOWED UNTIL THE POINTS FALL INTO REGICH 3. AGAL:
"REQUIRED SYATH INCREMENTS ARE CALCULATED, THIS TIME TO
"FORCE THE POINTS TO FALL INTO THE ACTIVE AREA OF THE
"SCANNER. AS A PRECAUTION AGAINST OVER INCREMENTING, THEL
"ESTIMATES ARE REDUCED BY 4 SWATHS AND THE PROGRAY RETURNS.
"IF THE POINT 1S INITIALLY 1IN REGION 5, THE S/C IS MOVED
UBACK UNTIL IT FALLS IN RESION .3 AT WHICH TIJAE THE ’
"NOTIAL PROCEDURE IS5 FOLLOWED FROM THAT POINT.

"ITERATICN CONTINUES UNTIL THE POINT ASSGCIATED WITH Tiie
TEND OF OWNE SWATH FALLS YWITHIN THE ACTIVE aRFa.

v AT THIS POINT INTERSWATH MODE 1S BEGUN, THAT IS TGO
"S8a¥, THE POINT WILL 3F SENSED IN THAT SYATH 0L THE ONE
U"FOQLLOYWING IT. BASED ON ITS LOCATION IN SENSOR COORLUINATES,
THE LATERAL TELOLUTIQON ELEMENT NUMBER 1S ESTIMATES. AT :
"THIS POINT, TUL GROUND POINT 1S PROJECTED FO2 ONLY U E
PTIME, THAT TIME BEING ESTIMATED 14 THE SANE HAMNNIED AS TS
"LATERAL RESOLUTION ELEMNENT. 8Y PROJECTING THE POIJT FoRn
UUATIONS ELEMENTS ABOUT TUIS TIME, THE DETECTUN STACH <AY
"2F LOCATED. [F AFTER SEVERAL ATTEMPTS (63 », THE 3Tacg
YHAS. NOT BEEN LOCATED, THE SWATH NUMBER IS IMCREMENTELDL BY
"1 AND THE ABOVE PRODEDURE IS REPEATED. 0HCE TilE 5TACH
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812
K20
A38
2R
553
2an
873
BEA
2o
933
a1¢
926
o3
oA
9573
9e?
GT7m
aan
s el
1aac
1l @
1 AR
FA3a
1AL
1357
|76
N
| 3%&
195
t1aa
111
112m
i13m
114
1153
1167
F173
1138
1197
12e7
1212
1222
1232
1247
1259
1262
1278
1288

1S LOCATED, THE DETECTOR NUMBER (! THROUGH 6) IS FOUND®
o3y A MINIMUM DISTANCE TO CENTER CRITERION. IF THE POIRT
YMEYER SENSED DUE TO ZARTII ROTATION GAPS, A STATEUENT 15
wONINTED TO THE EFFECT THAT SWATH INCREMENTATION WALt TUO

TLARGE.
" THE INPUT TO THE PROGRAM FROM A DATA FILE IS5 THE
“LATITUDE AND LONGITUDE QOF THE POINT WHILE THE GUTRUT IE

“THE TIME FR0#M THE INITIAL S/C LOCATION, THE LATERAL HEL-
“SOLUTION ELEMENT NUMBER, THE DETECTOR NUMBER, AND Tik
vsaTH INCREMENT NUHMBER.

' DEFINITION OF VARLABLES
"OAR=CONVERTS DEGREES TG RADIANS

"P'AT LA*ITJDr OF GROUND POINT
ML ONGITUDBE OF GROUWND POINT
"A=TEHI~JAJDR AXIS OF THE EANTH
"ECCN=ECCENTRICITY OF THE EARTH
"IAMMA=CONE ANGLE OF THE SENSOR
"OETA=PITCH USED TO PRODUCE FORWARD SCANNINHG
"THETA="0LL OFFSET

UYALP=COMPLEMENT OF ORBITAL INCLINATION
UUN=TANGENTIAL 5/C VELOCITY

"RO=RADINE OF CIPCULAT ORBIT

"C1=FARTH NOTATION RATE

CA=CONSTANT USED I8 CONJUNCTION #WITH OREITAL ANaLL
YTo=1/2 SWATH SCAN TIME

"CO=SCANNER PUOLAR ANGLE SPEED

"3=SMI-MINQR AXIS OF THE EARTI

“THT=CRBITAL ANSLE MEASURED BRETWE
" INSTANTANEQUS LAOCATION OF

[an
™
H

3/C

PHIREO=DPITCH AT TIME ZERO
Y uIT=‘ITC‘ TATE AT TIME ZERO
””}IDU ITCiH ACCELERATION AT TIHNE ZER

T AAPP O YAﬁ QT TivE ZERD

"RHEARPD=YAY TATE AT TIKE ZERO
"AKAPDD=YAY ACCELERATIOH AT TIME ZER(
"WO=70LL AT TIME ZERQ

"UD=T0LL IATE AT TIML 2ZERQ

”‘“ﬂ—“DLL ACCELERATION AT TIME ZZR0O
TTO0=TIME BETJERN SWATHS
“"XLSE=LONGITUDE OF 5/C AT TIXE T
UTP=SUATH CENTER TIME INITIALLY B
U"XLPK=LONGITUDE OF ORXRBITAL TERHMINATOR
"RAD=RADIUS OF SCAN AREA I SENSONR GUORDINATES USING A
' Z-DIHMENSION QF 1.3
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1294 “DEL=DISPLACEMENT OF SCAN AREA IN WHICH TWO CORCLES OF

13an RADAIL RAD OFFSET BY DEL WITH RESPECT TO ONE ANOTEEX
131 * FORM THE ACTIVE SCAN AREA

1327 "T=THE INSTANTANEOUS TIME AT WHICH THE GROUND POINT 1S TO
1337 v BE PROJECTED

13473 9PHISE=LATITUDE QF S/C 4T T

1307 "HSE=ALTITUDE QF 5/C AT T

1367 "ALPHA=HEATDING OF S/C AT T

1377 “PHIT=TIE VARYING CONTRIBUTION OF PITCH

1352 "YKAPT—TIWE VARYING CONTRIBUTION OF YAW

1393 »JT=TIME VARYING CONTRIBUTION OF ROLT

Lam3 “PHI=PITCH AT TIME T

1412 “*W=N0LL AT TIME T

la=2 "XLAPPA=YAY AT TIME T

Pal3e “NCOUNT=THE LATERAL RELOLUTION ELEAENT NUNBER

1442 Y"NTST=THE TOTAL NO. OF SWATH INCREMENTS

1458 "ITEM=THE DETECTOR NO.

14567 "XT=T)OP 0OF RESQLUTION ELEMENT STACK IN X

1473 "¥B=0CTTOM OF RESOLUTION ELEMENT STACK In X

1452 "YL=LEFT BOUND JF 3iE5. ELE. S5TACK IN Y

Pa%? "YR=WIGHT BOUND OF RES, ELE. STACK IH Y

1592 "ETAQ, ETAl,ETAZ=POLAR ANGLES ASSOCIATED WITH THE SCANNER

ISt® REAL*8 D(&)>

1523 AZAL*B DELETALPLAT,PLNG,A, DGR, ECCN, GAlMA, BETAa, THETA,

1537 PLV0,0R0, Cl,C3,T0,C0, 3, THT, WHAPPOLPHISED,PRIDLPHIDD, = NAP DS E
15"—5?' X {AD“DJ'O} rB: ‘JDD TOD)}‘-LSEJ TPJI\LP) )X‘_.PH.JJ\L.FJ\L)JYF\:.‘;ADJ UMLJAH"-'\‘-J i
L5567 XMINLPHISE,HSE, DELT,PHISD, ALPHALPHIT, THOLXKAPT,WT,PH1, W, n4aPPa, 7
1SAT Bl B2, UR, VPL WP, UXL WX, BLL,821,831,8B12,822,B832,513,523,533, U0, %2
18778 VR, R, ME, YL, IE,Aal1,A21,A81,A12,A82,4832,A13,A23,433,5P,Y0P, 2P, %
15;"”?’ ¥po ‘l’r\x) .’ijnn’laYDIJZPlJETﬂlJACHL) ETAQ \!a.']}\ fli; DJJ"‘A Y:TXJI_ATJ ra
1593 TL,ETAD,NT,XNE E,ATG,GAaM 1,¢ ‘I.P\_]_.JYL.) ¥R F)\’IJPJ‘{taJPV:a PXASPHE,P A6, CONSDUN, A
160G DLATD, 2LHNED

1613 INTEGER*4 ISW,NTESTLNT, IT,KMA,LOOP,NCOUNT, ITEA,STST

LA2A [SW=g : '

1433 DELETA=].923E-24

1&4% NTEST=

1658 NTRY =@

1260 HT=3

1470 NPT=0

1A%% DAN=57.2957765131 :

129 CALL OPENCL,'FOLL',*INPUT")

17274 READCLl.*x) PLATLPLNG

1714 PLAT=PLAT/DGR :

17234 PLNG=PLNG/DGR

1737 A=63TB3835.

1747 ECCN=.2%2

1758 NTET=2

1767 GAMMA=13.23/DGR
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1779
1780
1793
13717
181@
18a7
1837
1843
1853
1563
1973
1 B8
189G
1S90
1913
19220
1e3n
1943
1959
1963
1972
1977
1294
2AFA
2o
L2327
AL BN
O 4
2P
DARD
DETA
PHRE
DEAEIA
2126
2112
2126
21358
2143
2157
21673
217
2183
alan
sEA
2214
ne2g
P33
m2as

A=50

SLATD=PLAT#*DGR
PLNGD=DLNG*DAR
URITE(6H, 534) PLATD,PLNGD -

5493 FORMAT(' THE LAT. OF THE PCINT 15',F%.5//°

OF THE POINT IS*,F9.5/)
BETA=13.23/D5R
THETA=® .3
ALP=6G, /DGR
VOo=7420.

R0=735828%.,
Cl=38R./(86164.xDGH)
C3=v0o/"0

TO=@.216742
CO=48./7(DER*P . B32064)
B=A*DSRRT(] . -ECCN**2)
THT=60./DGER

THO=THT

XKAPPO=0 .44

PHISEO=2.2

PHIDD=G.8

MKEAPD=R,0

RAAPDD=3 .0

TO=A .

TC=7. 0

UDD=Rd

TOO=Z.243125
MLSE=SSZ . /DGT

TF=0.2

XLPR=DATAN(DSIN(TET) /(DCOS(THT)*DSINCALP ) ))

KLPR=XLSE-XLPR
XLPHD=XLPKxDiR

X =HLSExDGR

IT=m

NAD=DSINCGAMMAD
DEL=7"AD=-DSINC(GAMMA-2..564E~04)
XMaX==RAD*DCOS5 (24 . /DGR + DEL
XMIN=-RAD

1 COWTINUE

IFCITLEA.7) T=TFP-TQ
IFCIT.EQW.1)y T=TP+TO

2 THT=THO+(VO/TR0Y*T

THE

LONG. 7

VLSE=YLPU+Cl#T+DATANCRSINCTUTY A (CCOSCTHTI®DEIW (ALY I )

PHISD=PHISL* DGR

CALL ASE(A,ECCN,ALP,C3,Cl1,2,TIiT,RQ,PIHISE,

DHIT=2PHISED+PHID*T+PHIDD*T*%x2/2
YUAPT=KKAPPO+XKAPD*x T+ X{APDD%Tx%x2 /2

HSL,ALTHA)



T 0+ DR T+ I DD Tk%2 /2

PHI=-¢(PHIT+BETA)

T=~{WT+ THETA)

HRHAPPA=-XKAPT

El=aA/DSART(! . ~ECCN**2%DSIN(PLAT Y *x%2)

E2=A/DSQ3T(l « ~ECCN**2xDSINCPHISE)Y *%2)
=E1*DCOS(PLATY*DCOS(XLSE-PLNG)

VP=El*xDCOS(PLAT)*DSIN(XLSE-PLNG)

WP=FE]l*(].=-ECCN4%2)xDSIN(PLAT?>

UX=E2*DCOS(PHISE)

WX=E2% (] e ~ECCN*%2)%DSINC(PHISE)

Bl1=DCOSCALPHAY*DSIN(PHISE)

BR1=DSINCALPHA»*DSIN(PHISE)

E31=DCOS(PHISE)

Bl12=-DSIN(ALPHA)

neo=DCOSCALPHAY

B32=2,7

B13=-DCOS(ALPIAI*DCOS(PHISE)

Re3=-DSINCALPHAY*DCOS(PHISE)D

B33=DSIN(PHISE)

R=UP-UX

YR=yDo

UR=P WX

HF=3]1%1M+312xVR+ 31 3%

YE=R2) «UR+B22xVR+ P2 3% WR

ZE=8B3] *xUR+332%xUR+B33%WR

Al1=DCOSCPHIY*DCOS(RXKAPPAY -DSINC(PHII*DIEINC ) #DSINC(AHAPPA)

AR 1==DCOSCI)*DSIN(AKAPPA)

A31=DSIN(PHIY»*DCOS(XKAPPAI+DCOS(PHII*DSINCWI*DSIN{XHAPPA)
Al2= DCGS(DHI)*DSIN(XKAPDA)+DSIN(PhI)*DSId(w)*DCJS(XKQUPA)

A22=DCOS )Y *DCOS (XKAPPA)

A32=DSIN(PHI »*DSIN(XKAPPA) - DCOS(PHI}*DSIN(d)*DCOS(XKADPA)

Al 3=-DSIN(PHI»*DCOSC(W)

AP3=DSINCY)

A33=DCOS(PHII*DCCS (W)

MR=AL I xHE+AI 2KV E+AL 3% (ZE-HSE)D

VD—iql*dm AZ2*YIE+AP 3% (ZE-IIGT
P2A3 I XE+ASEAYE+A3IR(ZE-H5E)

IF(IT.E@.ﬁ) Go TO 3

Xpe=¥Pp

yoo=Yp

ZRo=LP

IT=m

G0 TO 4

3 MRP1=xP

vol=YP

ZP1=2P

IT=1

i
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2733 IF¢ISW.ER.]1) GO TO 18

27474 IF(ISW.GE.2) GO TO 25

2752 50 TO 1

276m 4 ¥P1=-XP1/IPI

2773 YPI==YPL/ZP]

7RG ZP1=1.9

N797% HP2=-MP2sipz

2RAT YP2s-YP2/2P2

Dela ZP2=1.0

2R0F TF(MD2. G*.ﬂ.%) 50 TO 1

2Usy IF(HP2.6T.I0NAKY GO TO 1
2847 ETAL= DnTAN(YPQJ(DFL-AJE))
253 ¥YCAL=-DSINCGAMMAY*xDCOSC(ETALl )+ DLEL
2%67n IF(XP2.53T.XCAL)Y G0 TO 12
o7 TTAZ=DATANC(YPL/(=-XF1))

of%@E XCAL=-DSIN(GAMMAY*DCOSCETAZ)
oo [T(XPl.LT.XCALY GO TO 14
290¢ Gg TO 17

2018 12 YMX=(XP2=XP1)/(2.xTO)
2907 [KHMX==-XP2/(VMX*T0OD)

20737 KM =g{MX+5

2647 TP=TP+DFLOAT(KMAI*TQQ

2858 NTEST=1

DOAA NTST=NTST+KMX

2077 GO TO ]

2083 11 XNM=(YP2=YPl)/(XP2-XP1)
2397 ﬁs—VPO MMEXP2

3AR% YINT= (DEL -XM*kBB- DgﬁnT(EJIN(uQMIA)**O*(I.+n“**2)“(nﬂ*DLh+uD)z
IALA xk23¥¥/C1] W+ MR FZ2D

ARAA YN = (MP2-FTP1Y/A(2.xTD)

AT M= Ok (KMAXK=VP2Y A (VME=TOO)
I BT G ol

3FEA IF(MNTeERl ) HAX=KMX+] 1 @*xKMX/ (128 %xKMxX)
IAEZ TP=TP+DFLOAT (AMX)%TOO0

37mTH WT=NT+1

aze MTST=NTST+KMX

aAcH NTEST=1

2132 30 TO

Az 1e ”Wv—("”Q-”Pl)/(? *TQOY
apea K (*PaL MP2y /(Wi TO0)
313% ‘{—iIK

31 43 F(IPT.uL.l) A =]

AarsA NPT=NPT+1

LR INY TP—TP+DFLOAT(HHX)*TOO

Al7A HTST=HNTST+HKIMK

3181 HTEST=1

3199 GO TO |

3223 14 IF(NTEST. 2y GO TO 15

t
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3219 YRITE(6,104)

3227 124 FORMAT(* THE POINT HAS BEEN SKIPPED SQMEHOw, TOG MANY 3
3232 SYATH INCREMENTS AT SGME POLINT*)

247 2THP

3258 15 ViK=(XDP2-¥PI)}/(2.xTQ)

326F WM¥=(MMIN-HP1Y /{VMX*TO0)

A273 HMX=KMX~55

3282 TP=TP+DFLIAT(XMX 1% TOH0

3297 NTST=TST+¥MH

3324 G0 TOQ 1

3313 17 YRITEC6,187)

3322 127 FORMAT(' INTERSWATH MODE HAS BEGUN')

3338 LO0OP=g

3340 KA=(XPl+XP2y/2.

3353 YA=(YPl+YP2)/2.

3368 EAT=DATANC(-YA/XA)D

3378 NCOUNT=FEAT/DELETA

3387 NCOQUNT=NCOUNT-~5

3358 T=TP+ TOx*x|.923E~-24*DFLOAT(NCOUNT»*DGER/24.,

2400 15W=]

3al1@ 530 TO 2

3427 18 EAT=DATAN(=-YPI1/XP1)

3433 ISY=I5W+)

3444 NCOUNT=EAT/DELETA

3453 ACOTTHT=NCOUNT-2

468 25 HPl=-X7r 0]

34T YPl==¥YP] /2111

3483 LOOP=L0OOP+!

34902 IT=0

BN NTAO=DFLOATCNCOUNT)Y®BELETA

3517 XT=-DSINC(GAMMAY*DCOSCETAQ)

35272 X3=XT+DEL

3532 ADGT-DCOS(GHI'IMA)*(DCOS(Q-QD"’JS)'DSINCGAM?’?A)*DSIN(ETAO)*%
3547 DEIN(2.2D-35) /0800 Tl . -D5INC(ETAD) #*%2% DS INCIAIIMAY *£2 1)
3557 GAMI=DATAN(DSAORT(] «-ARG**2) /ARG

3567 ARG2=DSIN(IAMMAI*DCDS(GAMII*DOOS(ETAD) /{DCOS(GAMN A * DS INT
3572 (GAM1))

3582 ETAl=DATAN(DSGRT (] «+~ARG2¥*2) /ARG2)

3598 YL=DSIN(GAMI)*DSINCETAL)

3672 IF(NCOUNT.LT.3) YL=-YL

3ol ARG=DCOS (GAMMAI*x (DCOS(2.2D-85)+D5SIN{ GAMNMAI *DSINCETAD Y * T
3622 DSIHN(2.2D-053/D50NT(1«=DSICETAQ) *#2%DSINCSAMMAY *%2 ) )
3633 GANMI=DATANCDSANTCL « =AG®%x2) /05G)

3648 ARGE=DSINC(GAMMAY*DCOS(GAMLII*DCCS(ETAD)D ACODCOSCAANMMIAIRLETINCS
3654 GaMl y»

A6CT TTAl=DATANCDSORT(] . -ARG2 %2 ) /ATG2)

3072 YR=DSIMNCGAIII D*DSINCETAL)Y

JeRA [FNCOUNT.LT.J) ¥YR=-YR
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3697 IF(NCOUNT.ZE.#) GO TO 42

3744 4@ DIM=YL '

3713 YL=YR

3724 YR=DUM

3730 42 CONTINUE

3744 1F(XP1.LT.XB) GO TO 19

3752 T=T+TO*1.923D-24%DGR/24.

3762 NCOUNT=NCOUNT+I

3774 GO TO 24

3783 10 IF(XPL.GT.XT) GO TO 29

3792 YRITE(6,111)

2gp® 111 FORMATC(' THE POINT IS HIGH, IT WILL NOT BE SENSED ')
3%17 STOP

382% 27 IF(YPl.LT.YR) GO TO 22

1837 T=T+TO*1.923D-G4*D3R/24.

3840 NCOUNT=NCOUNT+!

%58 GO TO 24

386m 22 IF(YPl.GT.YL) GO TO 23

g7 INITR(E, 113)

A% 113 FORMAT(' THE POINT IS TQ THE LEFT'D
3897 STOP

3942 23 CONTINUE

3917 PX1==(XT-XB)/12.+XT

29073 PX0=-(XT=-XB)/4.+XT

7937 PX3=-(YT-NB)%5./12.+XT

3945 PrHAz-(XT=XBY*T7./12.+XT

3958 PXG=-(XT=XBY*3./44+XT

3967 PX6=-(XT=XBI*11./12.+XT

357¢ D(1)=DABS(XPL-PX1)

3087 D(2)=DABS(XPL-PX2)

300@ D(3)=DABS(XP1-PX3)

£A87 D(4a)=DABS(XP1-PX4)

4317 D(5)=DARS(XP1-PX5)

422% D(6)=DABS(XP1-PX6)

4®3% CON=DC1)

ARAA ITEM=1

4752 DO 21 1=2,6

4067 IF(CONL.LT.DCId) GO TO 31

4277 CON=D(1)

ABTEO ITEM=1

47973 31 COIUTINUT

#4177 TRITECG,113) TR,HCOUNT, ITEY

4113 115 FORMAT(' THE FINAL TINE IS',F9.5,° THLD ELENINT iU IS
412¢ 15/' THE ELEMENT WITHIN THE STACK 13',I5)
137 IRITLE(6,403) NTST

4147 4@3 FORMATC(® THE TOTAL NO. OF SWATH INCRE. I35 ',16/)
4187 STOP

4167 24 CONTINUE
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4178
4182
4198
L4203
4212
4220
4233
A2 4
anse
N
42 TR
4PEA
4200
434973
4313
4327A
4332
4343
4350
4367
43712
4380
4366
44310
4413
4423
44343
4447
[0 5
4460
H4TE
AT
408G
neT"
4514
4527
48
4547
#4507
45 AR
45773
459
H597
4677
4E1 @
LADT
4637
46473

IF(LOOP.GE.®> GO0 TO 26

GO T 2

2¢e CONTINUE

I15%=0

TRP=TP+T00

IF(YTRY.EQ.2) 5TQOP

MTRY=3NTRY+!

G0 TA 1

END

SUBROUTINE LATLNG{THT,ALP,A,B,RO,ECCON,PHISE,HSE, DELT)

NMEAL*8 THT,ALP,A,»B,RO,ECCN,PHISE,NSE, PELT,H5EN

HREN=9T79922,

ICT=1

I PRIGE=DATANCCCA**2+A¥HSEN) /(B**2+A%xHSEN)Y )k { CCOS(TIUTI®DCOS5%
(ALY /DSANT(DSIN(THT ) %% 2+ DCOSCTHT Y **x2xDSINCALP Y *%23 )

HEE=R0xDCOSC(THTY*DCOSCALPY /DS IN(PHISEY -Ax (] + ~L00I%xk2) /LG0T
(e ~ECCHx*2xDSINC(PHISEY*%2)

CELT=DARS(HSEN-HSE)

IF(DELT-1.2) 2,2,13

13 IF(NCT-2@) la,2,2

14 HSEN=HSE

SCT=NCT+1

G0 TO 1

2 RETUR

END

SUBRDOUTINE ASE(ALECCN,ALP.ClLC2,383,THT,ROLPHISELHSELAZ)

REAL*Y XO0,Y0,Z20,A,ECCNLALP,CL,C2,8,THTL,RO0LPHISELHSEZ,AZL, R

EPP,PHOL ¥, YLZ,UARG,Cl1,C22,C12,C21,C13,C23,PHISET,PHOT, %

EPPTLRTLYTL,ZTL,CCC1,CCC2,2ZETALXETALYETALPL,P2,P3,D0T

XO=RO*DSINCTHT)

YO=RO*DCOS(THT»*DSINCALPY

ZO=ROxDCOSCTETI*DCAS(ALP)

EPP=A/DEGRTCL o ~ECCHN* %24« DSINC(PHISEY %% 2)

PHN=DATANCDISINCTHTY /(DCOS(THTY* DS 1! %(AL.P)))

HEETPRDCOS(TIHISE YR DE1IHN{PHDD

VaIPPxDCOS(PHISE)*DCOS(PHD)

=EPP® (] o ~ECCH*=2 )% DEIN(PHISE)

TANG=((A*% 2+ AxHEE) /(3% 2+ A*%HSE) }* (DCUSCTUTI*DCULZ (R ) A3 30TY
(DSIJ(THT)**2+DCOJ(TAT)**?*D5IN(AfP)**E))

Cli=1.9

CE2=1.7

Cl12=N0xDCO35(THUTI*LCOSCALP I *LCOS(PLISE) /DSIN(PAIELY *k%2+a% (2
[ o ~LCCN*x*2 )%k ECCH*RCCN®%2& DS IN(FHIS H)*DCJJ(U LTSEY /A QOSNAT(l . -5
DCON**x2xDEIWN(PHISTEY%%2) yx%x3

C21=C01l /(] e +UARG*RP I ) (AR (A kE = Jokx B ) F{Bkx2+{E5 k[ )k )

Cl3=-NO*DEINC(THTI*DCOSCALPI/DEIH(PHLISE)

C2R=((A%*2+A*HSE) /(B**2+A*HSEX)® (] /¢ v+ UATIG**2 ) 3% (=LCUJSE
(ALP )= DSINC(THTY /C(DSARTCDSINC(THTY* %2+ DCOS{TRT ) =%k L5310 (ALPY T
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4659
L4A66GE
4672
HER D
A6
4703
A71 7
L4720
RT3
4T
475%
4701
4770
ATHEHS
4723
{8072
A5 17
AR2E
4830
4844
LS 53
4R 6D
an7a
AZEG

k2 ) rk%x3)

DHISET=((C3=-CR3%C11/C21)2/CCl2-C2E*C11/C2132*Cl

PHOT=CY*DSIN(ALP)/(DCUS(THT)**Z*DSIN(ALP)**2+DSIN(THT)%

*k 2 )

EPPT=A*ECCH**2*DSIN(PHISE)*DCOS(PHISE)*PHISET/DS&ETE
({1 «=~ECCN*k*2%DSIN(PHISE Y **%23%%3)

VT=PCOS(PHISE)*DSIH(PHO)*EPPT+EPP*DCDS(PHISE)*DCGS(PED)*PMOT%
CERPEDSITI(OHOIRDSIACPHISEY*PHISET

YT:DGOS(PH;SE)*DCOS(PHO)*EPPT-EP?*DCOS(PHISE)*DSIH(PMO)*PHUT%
~FPPxCOS(PI0I*DSIN(PHISE)*PHISET

ZT:(l.-ECCN**Q)*(DSIN(PHISE)*EPPT+EPP*DCOS(PHISE)*PAIS?T)

COClm-CAKKD /Ra*2 1k Z /(XADSIHN(PHOY+Y* D003 {PHU))

COC2=DSaNT(L « /¢ a+CCCL**2))

IZTA=-CCC2

META=-COC1 DS IN(PHDI*CCCE

VETA=-CCC1 *DCOS(PHNY*CCC2

Pl=META*XT

PR=YETAXYT

PA3=LETA*ZT
BOT={(Pl+P24+P3)/DSNRT((XTH42+ YTk P+ LTH*2) % (AETA**2+YETA®*Z2+ 3
ZETA%x%2)3)

AZ=DATANC(DSART(l . -B0Tx*%2) /00T

TETURN .

END
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APPENDIX B
USER REQUIREMENT SURVEY

R. J. Quellette

B.1  INTRODUCTION

The purpose of the user requirement survey was to determine the
ground resolution-cell sizes required for the different anticipated
observation needs of major users, A second purpose was to provide a
unified base of data from which sensor resolution, registration, and
positioning requirements can be determined in the future,

The survey first determined what observations are of interest to
users. The user group consisted of ten agencies in four government
departments and represented the majority of government users. The sur-—
vey consisted of telephone interviews with fourteen technical personnel
within these four departments. These interviews are listed as entries
in the list of sources at the end of this section. The observations
given by this user group were classified by basic shape and size. TFrom
this shape and size information an estimate of the required ground
resolution cell size was derived. The views expressed in this section
summarize the information received from the telephone conversations.

In the summarization some amount of subjectivity has inevitably been
introduced. It is hoped that as little misinterpretation as possible
has occurred.

In Section B.2 user observations are grouped into three major
categories: land use, hydrology/geology, and cartography. Each of
these categories is discussed in detail in terms of specific observa-
tions and their respective ground sizes and shapes,

In Section B,3 ground observations are categorized by shape and
dimension, and a summary table is given with estimates of the percent-
age of the total observations each categorized group represents., Also
the size and shape groups are related to required ground resolution
cell sizes for these observations.

As a preface to the rest of this study two preliminary considera-
tions merit discussion here. The first is related to the fact that
there has been a basic lack of satellite imagery available to users to
‘evaluate. This lack of experience with the raw data sometimes results
in the users not knowing what is required of satellite imagery for a
desired observation. This lack of experience is also the main reason
for this study considering observations in terms of ground size and
shape since these are values readily known by the user.



The second consideration relates to the types of users of satel-
lite images. One type ol user is interested in high resolution imagery
over a large area but does not need multiple coverage. Another user is
interested in repetitive coverage over large areas but does not need
high resolution., Still a third type of user needs high resolution and
repetitive coverage but only over small areas. The second group is the
major user group.

The second type of user gemerally represents the largest portion
of the user group and is best suited to having his observation needs
met by satellite imagery. The two other types of users can have some
of their observations needs met by satellite imagery, and thus can pro-
fitably participate in the satellite program by sharing image data with
the second group.

The most significant outcome of the survey is that the great
majority of the user observational needs would be met with a 30-to-70
meter ground resolution cell size. To have a significant further im-
pact on the user observation needs, a ground resolution cell gize less
than 10 meters would be required, (Ground resolution cell size as used
here refers to the linear dimension on the ground defined, in a pure
geometric sense, by the resolution element of the sensor.)

B.2 USER OBSERVATION NEEDS

B.2.1 Background

United States Government agencies interested in aerial
image data were contacted to evaluate their observation needs for pos-
sible satellite image data. These government agencies include the
Department of Interior, Department of Agriculture, Department of Com-
merce, and Army Corps of Engineers,

The Departments of Agriculture and Interior will probably
be the largest users within this group. Of these two, The Department
of Interior has the largest amount of equipment with which to analyze
raw satellite data, The Department of Agriculture is working with the
NASA/MSC Science and Applications Directorate, Houston, Texas, to
develop the data analysis techniques for the observations that the
Department is interested in.

Major government users regard satellite image data as
part of a multi-layered data acquisition system, Satellite data re-
presents the coarsest upper layer of data while aircraft imagery and
ground data acquisition represent the medium and fine resolution layers
of the system.

A Three qualifying statements should be made before pre-
senting the data of this section. The first is that this survey re-
stricts itself to land-based as opposed to ocean-based, observational



needs, because land~based observations have the most stringent resolu-
tion registration and positioning requirements,

The second is that for this study observations that re-~
quire size, shape, texture, and shadow analyses of objects 10 meters or
less ip diameter have not been considered. Satellite imagery of higher
resolution (10 meters diameter or less) is impractical for large-area
coverage because of the high data volume., If high resolution image
data were acquired over the whole earth surface, image data volumes
would be extremely high. For example, the continental United States,
mapped at 10 meter square ground areas, would yield 6.6 x 1011l bits of
image data (6 bit digitization). At anticipated satellite mapping
rates this surface would be remapped every 18 days. There iz an in-
creased computer cost with an increase in image volume. Data rates in-
crease as the inverse square of the decrease in resolution element size.
Very high resolution pointable sensors would solve some of the problems
of large amounts of image data but would make it more difficult to
cover small specific areas of interest situated throughout a large
ground ‘surface area,

The third qualifying statement is that only the geometric
measurements involved in spectral signature analysis were considered
for this survey. Spectral signature analysis is the use of radiometric
signals from a surface separated into several spectral regions to define
surface characteristics, such as crop species identification. The ‘
radiometric aspects of signature analysis were not considered a part of
this task. Geometric aspects were used to the extent they were needed
for the detection of spot, linear and area features by temporal and
spatial signature differences., By temporal signature difference is
meant change detection of the radiometric surface signal from one satel-
lite pass to another, over the same area. Spatial signature difference
refers to difference between a particular area and the surrounding
area,

Observational needs are considered in three basic areas:
land use, hydrology/geology, and cartography. These basic areas and
their sub-~groups are given in Table B~l. Within each area the observa-
tions of interest are discussed below, and size and shape information
are presented, Observations will be categorized into one or more of
the three basic ground shapes of spot, linear, and area features.

.B.2,2 Land Use

General

Land use involves the specific areas of agriculture,
forestry, and private/public/commercial land development. A general ob-
'servational need common to each of these specific areas is boundary
delineation, :



Table B-1 - Observational Need Categories

1. Land Use
A. Agriculture
B. Forestry

C. Private/Public/Commercial

2. Hydrology/Geology

A. Control

B. Survey

3. Cartography

Boundary delineation of the following interfaces are of
interest: grass/brush/timberland/desert/water/crop/bare soil/culturally
developed. Scme interface boundaries are sharp, due to inherent dif-
ferences between the areas (e.g., water/grass interface) or the pres-
ence of linear cbjects at the boundaries (e.g., rivers, roads, or tree
rows)., Other interface boundaries are less well defined because of
smaller inherent differences between the areas (e.g., boundaries between
different crop types).

Boundary delineation involves linear and area features.
For these observations linear features have ground dimensions from ten
neters (tree rows, small rivers) to fifty meters (large rivers, major
highways). In cases where surface differences (spatial and spectral)
define the boundaries the boundary width will appear to be at least
several meters wide in the image data.

Agriculture

Observational needs in the area of Agriculture include:
inventory, crop species identification, stress analysis, and soil sur-
vey (both type and moisture content). The Department of Agriculture
is heavily involved in crop inventory and species identification through
the Agricultural Stabilization and Conservation Service. Species iden-
tification measurements include surface crop identification, surface
area measurement, and crop species identification.

Crop fields range in size from four temths of a hectare
(one acre) while ownership plots range from four hectares to hundreds
or even thousands of hectares. Average field size varies from area to
area within the country and is dependent upon the type of crops planted.
High-value crops such as fruits and vegetables tend to be planted in
smaller fields, while grain crops are planted in larger fields, Flelds
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in coastal and heavily populated regions tend to be smaller and dis—
continuous, while fields in the Midwest tend to be larger and more
grouped together,

Stress analysis detects infestation in plant iife. Spec-
tral signature changes are the basic data meagurements, Surface areas
of interest vary from single plant areas to entire crop fields. This
corresponds to spot features of a fraction of a meter in diameter to
area features as large as few tens of hectares. Larger area features
represent the major portion of stress analysis observations. '

50il surveys are carried out in large part by the Soil
Conservation Service of the Department of Agriculture. Soil survey
measurements (for the type of analysis that can be provided by remote
imagery) involve identification of soils in terms of surface area, loca-
tion, type, and moisture content, Presently, black and white aerial
photos are used as base maps and for delineation of different soil sur-
face areas. Direct ground samples are the basic sources for present
s01l classification. Area features for soil survey cobservations have
sizes that range from a fraction of a hectare to tens of hectares. The
distribution of observations through this range is fairly balanced.

Forestrz

Observational needs for forestry include tree inventory,
species identification, and stress analysis. Forest inventory and
species identification are done within the Department of Agriculture. '
The Forest Service is involved with Federal forest lands whereas the
Soil Conservation Service is involved with farmland forest management.

Measurement for forest inventeory and szpecies identifica-—
tion include surface area delineation and area measurement. Species
identification from space imagery can be done by signature analysis,
Sizes of the areas of interest for tree inventories will range from
four tenths of a hectare (one acre) to hundreds of hectares. Observa-
tions involving Federal forest lands have area sizes generally larger
than observations involving farmland forest management. Also Federal
forest land observations represent the majority of the total
observations.

Stress analysis will require smaller analysis areas than
species identification. One of the specific questions to be answered
by the first satellite imagery will be: How small an infestation area
can be detected from space? When the infestation areas gre small, low~
contrast spot detection from space will be required. Infestation areas
tange from three meters to three hundred meters in diameter. The
majority of the observations occur in the middle of this size range,

B-5



Private/Public/Commercial

A third land area concerns private/public/commercial
development, All of the government agencies contacted have some inter-
est in this area, Observational needs are transportation and communi-
cation route studies which require inventory and development informa-
tion., Other needs include private and commercial land use and develop-
ment studies which require change detection analysis in large part.
Data measurements here include spot and linear feature detection and
surface area measurement,

Spot features range in size from twenty to a few hundred
meters in diameter with the major number of observations occurring in
the lower part of the range. Linear features for transportation and
communication route studies range in width from five to seventy meters
with the majority of the observations falling in the mid to upper part
of this range. Area sizes of interest from four tenths of a hectare
(one acre) to a few tens of hectares with the majority of the observa-
tions grouped in the lower half of this size range.

B.2.3 Hydrology/Geology

Flood Control

Government agencies interested in flood control include the
Army Corp of Engineers and the Department of Agriculture. Flood con-
trol involves dam construction, snow studies, flood plain delineation,
and ice jam detection. Observation needs in this area are water basin
information for dam construction, snow cover change detection to pre-
dict water run off, and ice jam detection for flood control,

Spot, linear, and area feature measurements are needed
for general control studies in the areas of hydrelogy/geology. Spot
features range from three to a few hundred meters in diameter. Linear
features range from five to a few hundred meters in width. The lower
end of these size ranges is related to small water basin and small dam
construction on farmland while the upper end of the size ranpge relates
to large water basins and country and state dam construction. Area
features range in size from a tenth of a hectare (ome quarter acre),
for example, for small water basins, to a few hundred hectares for
snow cover studies. Spot and linear feature observations are dispersed
uniformly throughout respective ranges. The majority of the area fea-
tute observations occur in the lower part of the size range.

Inventory Survey

Land surface survey consists of inventory and thematic
mapping. Inventory survey is directed at answering questions such as
follows, How much of a particular measured quantity is present (e.g.,
water surface survey)? What is the observed change in a measured
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quantity (e,g., soil erosion survey)? Thematic mapping is more involved
with the surface location of some measured quantity (e.g., geological
feature mapping).

, Inventory surveys measure ground water, erosion, sedi-
mentary patterns, water pollution, mineral/petroleum, heavy metal, con-
struction material, and natural disaster phenomena. Thematic mapping
includes geological features, river basins, water-sheds, and coastal
areas,

Data needs for hydrology/geology surveys include spot,
linear, and area features. Spot feature sizes range from about ten
meters to one hundred meters. The great majority of measurements fall
in the upper part of this size range. Geologic features represent the
major observations, Linear feature widths range from five to one
hundred meters. The majority of the measurements fall in the upper
part of this gize range. Geologic features and linear boundaries com—
prise the major observations., Area features, including spectral signa-
ture ground surface areas, fall in the size range from four tenths of
a hectare (one acre) to over one hundred hectares. The largest number
of measurements occur in the upper half of this range, The majority
of the observations involve ground water, medium to broad geological
structures, and material loeation,

B.2.4 Cartography

The Department of Interior is the government agency most
interested in the use of earth resources satellite imagery to make or
revise standard topographic maps, These maps will be used as data
bases for most large-area remote sensing observations. o

At the present the United States is completely mapped
at 1/250,000 scale. There is considerable interest among the different
users for satellite imagery at 1/250,000 scale. Thisg is interesting,
in light of some of the high resolutions and small dimensions stated
to be of interest. Ideally, the satellite imagery should be made ,
available at the largest scale consistent with resolution and the scales
of data base materials to be used for comparison., Information avail-
able from well-detailed imagery at 1/1,000,000 scale is believed -to be
appropriate for the 1/250,000 scale maps in areas that are poorly
mapped. :

: Table B-2 lists the ground surface widths of a thin line
(0.1 mm) drawn on maps of different map scales. These ground dimen-
sions are not necessarily the minimum feature widths to bhe shown on the
maps, as can be seen from the table. Some care is needed in attempting
to relate image resolution, map symbol size, and importance of the fea-
ture for a particular map. If the image is substituted for a line map,
the higher information content of the image must be made available to
the map user. Linear features of smaller widths can be seen in the
image because of the eye's inherent ability to pick out line features,



Table B-2 - Map Scale Versus Projected Ground Size
For A 0.1-MM Line Drawn On A Map of That Scale

Map Scale Ground Size
(m)

171,000,000 100

1/250,000 25

1/100,000 10

1/62,500

1/50,000

1/24,000 2.4

Area measurements can be made where minimum breadth is only a few times
the minimum spot resolution. '

B.3  SUMMARY

Measurement Needs of Users

Satellite imagery for land surface measurements will be used for
the specific measurement categories of spot, linear, and area features.

Table B-3 lists the three classes of features and the ground
dimension ranges associated with fine, medium, and ceoarse observations
of these features. For a particular feature type an estimate is given
of the percentage of total observation each of the groups represents.
An estimate is given of the required ground resolution element cell
size range for each group. The numbers in this table are not absoclute
values, but trends indicated by the stated observational needs. Now
consider the size class groupings in Table B-3 in terms of the major
observations that make up each size group. For spot features the
major fine size observation is agricultural stress measurement. Medium
size spot features are made up of a broad set of observations covering
each of the basic observational need areas covered in Section B.2., The
same is true of the observational make-up of coarse size spot features,
The two sub-groups within the medium size group represent agricultural
stress analysis, private/commercial land use, and hydrology/geology
control observations for the smaller sub-group and forest stress analy-
sis and hydrology/geology survey observations for the larger size sub-
group. The great majority of spot feature measurements are represented
by the medium and coarse size classes.

Fine size linear features are made up of observations from pub-
lic and commercial land use and the hydrology/geoclogy flood control



Table B-3 ~ Ground Surface Dimensions, Percentage of Total
Number of Observations, and Required Ground Resclution
Element Range for Spot, Linear, and Area Features

Size Classes

Feature
Type Fine Medium Coarse
Spot Dimension (m) < 3 3-10 10 - 30 |> 30
GRE Range#® A A-3B A-B~C|B~-C
Percent of Total 5 15 a0 50
Linear Width < 10 10 - 30 > 30
GRE Range A B-C > O
Percent of Total 10 70 20
Area Dimension on a Side (m) < 65165 - 200 | 200 - 400 | » 400
GRE Range A B-C c > C
Percent of Total 5 25 35 35

*Ground Resolution Element Range
(dimensions given are for ome side of a square ground cell)

A B C
< 20 m 20 m to 40 m 40 m to 70 m

and inventory survey measurements, The great majority of linear feature
measurements are represented by the medium size class. Boundary deline-
ation and communication and transportation route studies represent the
major observations, The majority of the observations for coarse size
linear features are hydrology/geology flood control and inventory sur—
vey measurements,

Obsexvations of fine-size area features include hydrology/geology
flood control measurements, and agriculture and forestry stress analysis,
The great majority of area feature measurements are represented by the
medium size class., Observations in this size class are a broad repre-
sentation of each basic observation area. The breakdown of the medium
size pgroup into two sub-groups represents the separation between small
crop fields, farmland forest management, and public/commercial obser-
vations for the smaller size sub-group, and large crop field, Federal
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forest management, and hydrology/geology flood control observatioms for
the larger size sub-group. Coarse size area feature observations cover
the entire set of basic observation areas but represent a smaller part
of the total number of area feature measurements than the medium size
class.

The final discussion in this subsection will concern itself with
the relationship between the three types of data measurement features
(spot, linear, and area) and ground resolution cell sizes.

Spot feature measurements made on satellite imagery can include
spot features whose surface dimensions are smaller than a ground-resolu-
tion-element cell size {e.g., ice jam detection in inland waterways for
flood control). Since the spot feature is smaller in dimension than
the ground resolution cell size, the inherent ground contrast of the
spot feature is degraded by the fact that the spot energy is averaged
over the ground area of the resolution cell. Spot features which are
several times smaller than the ground resolution cell will be detect~
able only when the spot feature has a very high ground contrast.

Linear feature detection involves location of features whose
short dimensions can be several times smaller than a ground resolution
element, The width of the linear feature can be measured when its
dimension is equal to or greater than a ground resolution element. De-
tectability of a linear feature whose short dimension is smaller than a
ground resolution element will be determined by its resultant image
plane contrast ratio.

For linear boundaries between well defined areas the boundary
location will be no worse than one ground resolution cell size. Linear
boundaries between areas with little surface or area signal differences,
can have an error in locating the linear boundary, of several ground
cell sizes.

Recent studies indicate that linear feature detection for roadway
analysis is completely reliably only when the width of the roadway is
at least 1/3 of the ground resolution cell (Source 17, p. 8553). How~
ever, Apollo space photography has detected roadways that were 1/10
ground resolution cell size (Source 6, p. 33). Thus very high contrast
linear features whose widths are as much as one tenth the ground resolu-
tion cell size are detectable from satellite imagery.

Measurement of ground surface areas requires that the area be re-
solved by the sensor. Areas are delineated by linear boundary detection
and ground surface differences such as surface structure and spectral
signature. Signature analysis of large ground surface areas is rela-
tively independent of the ground resolution cell size, Spectral signa-
ture identification of large area agricultural crops is the same for 66
to 100 meter ground resolution images as it is for 3 to 6 meter ultra-
high rescolution images. Spectral sipnatures of large area crop are
distinct from one another and therefore lend themselves readily to multi~
spectral signature analysis. (Source 11, p. 1193).
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In general for spot, linear, and area features, if the surface
area of a feature is not resolved, dimensional measurement cannot be
pade. It is still possible to detect the presence of the feature if
the resultant image contrast is enough to make the feature discernible
from the background. It should be noted that area measurements near
the resolution limits are prone to a larger percentage of error since
they require near-perfect transmitting and collection media. Also a
general comment to spot, linear, and area features: recent studies
indicate that gross geological area features, fine linear features, and
high contrast spot features can be identified from gsatellite imagery
which has a ground resolution size from 50 to lOO meters (Source 2,

p. 499). :

B.4 LIST OF SOURCES CONSULTED FOR USER REQUIREMENT SURVEY

1, Addess, 5., Topographic Division, U. S. Geological Survey,
U. 5. Department of Interior, Goddard Space Flight Center,
Greenbelt, Maryland, (Telephone conversation 5/15/72).

2. Amsbury, D. L., "Geological Comparison of Spacecraft and
Aircraft Photographs of the Potrillo Mountains, New Mexico,
and Franklin Mountains, Texas," Proceedings of the Sixth
International Symposium on Remote Sensing of Environment,
Volume 1, pp. 493-501, (October 13-16, 1969).

3. Borgason, W., Topographic Division U. S. Geological Survey,
U. S, Department of Interior, McLean, Virginia, (Telephone
conversation 5/15/72).

4, Clifton, J. W., Agricultural Stabilization and Conservation
Service, U. 5. Department of Agriculture, Washington, D. C.,
(Telephone conversation 5/17/72).

5. Colvocoresses, A. P., "Image Resolutions for ERTS, SKYLAB
and GEMINI/APOLLO," Photogrammetric Engineering, pp. 33-35,
(January, 1972).

6. Fischetti, T. L. aﬁd Bondeen, W. R,, "Earth Observatory
Satellite Mission Review Group (EOSMRG)," NASA Washington,
D. C., Final Report (1971).

‘7. Fisher, W. A,, "Projected Uses of Observations of the Earth
from Space~--The EROS Program of the Department of the
Interior," Proceedings of AIAA Earth Resources Observation
and Information Systems Meeting, (March 2-4, 1970).

8. Heller, R. C., Forest Service, U. 5. Department of Agricul-
‘ture, Berkely, California, (Telephone conversation 5/18/72).

9. Goddard Space Flight Center, "Earth Observatory Satellite
(EOS) Definition Phase Report,'" Greenbelt, Maryland,
{August, 1971).
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10.

11.

12,

.13.

14.

15.

16.

17.

18.

19.

20.

Jarmon, J., Civil Works Directorate, U. S, Army Corp of
Engineers, Washington, D. C. (Telephone conversation 5/19/72).

Laver, D. T. and Thamon, R. R., "Information Content of
Simulated Space Photographs as a Function of Various Levels
of Image Resolution," Proceedings of the 7rh International
Symposium on Remote Sensing of Environment, Volume II,

pp. 11911204, (May 17-21, 1971).

McLaurin, J., Topographic Division, U. S. Geological Survey,
U. S. Department of Interior, McLean, Virginia, (Telephone
conversation 5/11/72).

Miller, R. H., Research Department, U. S. Department of
Agriculture, Washington, D. C., (Telephone conversation
5/9/72).

Mohr, J. E., Van der Meer, C., and Krishnaununni, K.,
"Evaluation of Hyperaltitude Photography for Geological
Mapping," Proceedings of the 7th International Symposium
on Remote Sensing of Environment, Volume IIT, pp. 2307-18,

(May 17-21, 1971).

Orvedal, A., Soil Conversation Service, U. S. Department of

Agriculture, Washington, D, C., (Telephone conversation
5/19/72).

Scheps, B. B., Engineer Topographic Laboratory, U. 5. Army
Corp of Engineers, Fort Belvair, Virginia, (Telephone
conservation 5/18/72).

Simonett, D. S., Henderson, F. M., and Egbert, D. D., "On
the Use of Space Photography for Identifying Transportation
Routes: A Summary of Problems," Proceedings of Sixth
International Symposium on Remote Sensing of Environment,
Volume II, pp. 855-877, (October 13-16, 1969).

Smith, C. R. and Wood, P., "Multi-Discipline Applications
for Earth Resources Satellite Data," Presented at ALAA
Earth Resources QObservations and Information Systems
Meeting, Annapolis, Maryland, (March 2-4, 1970).

Tueller, P. T. and Garwin, L., "Environmental Analysis of
the Lake Tahoe Basin from Small Scale Multispectral Imagery,”
Proceedings of the 7th International Symposium on Remote

Sensing of the Enviromment, Volume I, pp. 453-63, (May 17-21,

1971).

Von Steen, D. H,, Statistical Reporting Service, U. S.
Department of Agrieculture, Washington, D. C., (Telephone
conversation 5/16/72).



21,

22,

23-

24,

Weinstein, 0., Miller, B, P., and Barletta, J., "Simulation
of ERTS RBV Imagery," Proceedings of 7th International
Symposium on Remote Sensing of the Enviromment, Volume II,

pp. 1177-89, (May 17-21, 1971).

Wiegand, C., Agricultural Research Service, U. 5. Department
of Agricultural, Wesaco, Texas, (Telephone conversation

5/10/72).

Wiesnet, C., National Environment Satellite Service, U. S.
Department of Commerce, Suitland, Maryland, (Telephone
conversation 5/11/72).

Wood, P., "User Requirements for Earth Resources Satellite
Data," Proceedings of Electronic and Aerospace Systems
Convention (FASCON), Washington, D. C., pp. 14-20, (October

26-28, 1970).
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